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Abstract
Refractory metals are commonly alloyed for improved corrosion resistance, thermal
stability, and strength. In service, these alloys form highly stable oxides under mildly oxidizing
conditions at relatively low temperatures. In order to recycle these materials, high temperature
electrochemical processing is required to reduce the refractory metal oxides. To abet
experimental evaluation of the electrochemical reduction process under development at the Idaho
National Laboratory, binary mixtures of selected refractory metal oxide powders were sintered to
produce cathode pellets, which could be suspended in the molten salt electrolyte during reduction
experiments. Preparatory literature review revealed a paucity of published information relative to
the formation of intermediate oxides in these binary systems, and particularly so for the tantalum
oxide/hafnium oxide system. The subject research was undertaken to begin to fill the data void.
Binary oxide mixtures were prepared to approximate the composition of known
intermediate compounds in the Ta2O5 – WO3, Ta2O5 – Nb2O5, Ta2O5 – HfO2, and Ta2O5 – TiO2
systems. Differential thermal analysis was employed to identify heat flow inflections that could
be associated with sintering in the subject systems. Based on the resultant data, each of the
various binary oxide mixtures was sintered at two temperatures, one below and one above each
significant thermal event. Each experimental product was characterized by scanning electron
microscopy and x-ray diffraction to evaluate the degree of sintering. The characterization results
firmly established that the minimum sintering temperatures corresponded to the DTA inflections
identified in the Ta2O5 – WO3, Ta2O5 – Nb2O5, and Ta2O5 – TiO2 systems. However, the
information obtained for the Ta2O5 – HfO2 system is inconclusive and warrants further study.
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Glossary of Terms

Term
Tantalum oxide

Definition
Tantalum pentoxide, Ta2O5

Titanium oxide

Titanium dioxide, TiO2

Hafnium oxide

Hafnium dioxide, HfO2

Niobium oxide

Niobium pentoxide, Nb2O5

Tungsten oxide

Tungsten trioxide, WO3

Mixed oxides

An oxide containing two metals, such as Nb4Ta2O15

StabCal

Thermodynamic software developed and maintained by
Dr. Hsin-Hsiung Huang

DSC

Differential scanning calorimetry/calorimeter

TGA

Thermogravimetric analysis

DTA

Differential thermal analysis

SEM

Scanning electron microscopy/microscope

XRD

X-ray diffractometer/diffraction

RIR

Relative intensity ratio, in XRD analysis

FOM

Figure of merit, in XRD analysis

WPF

Whole pattern fitting, combined with RIR method analysis provides
quantitative data
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1. Introduction
Metals are categorized as refractory metals based upon their extremely high melting
points of at least 2000°C. [1] The refractory metals include tungsten, tantalum, molybdenum,
hafnium, and niobium. Occasionally, a lower melting temperature may be used to classify a
metal as a refractory metal, given other advantageous properties, which would then expand the
group to include titanium, vanadium, chromium, and zirconium. Among the other metals that
meet the melting temperature criteria, both osmium and iridium are also included in the platinum
group metals and are much more expensive to process. Rhenium and ruthenium are not generally
included as traditional refractory metals, because they do not exhibit a desirable level of
ductility, which creates fabrication challenges. [1]
Refractory metals are utilized frequently because of their many desirable properties.
These metals generally have high hardness values, high corrosion resistance, low electrical
resistance, and low vapor pressures. Conversely, refractory metals tend to have a very high
affinity for oxygen at only slightly elevated temperatures, which necessitates the use of a
protective atmosphere for furnace operation. [1]. The subject research focused on tantalum,
tungsten, niobium, hafnium, and titanium refractory metals in their respective oxide forms.
Table I provides refractory metal and metal oxide properties; the oxide melting points for
hafnium oxide and titanium oxide are observed to be higher than their respective metals, largely
due to these particular oxides exhibiting some ionic bonding, in addition to covalent bonding.

Metal
Tantalum
Tungsten
Niobium
Hafnium
Titanium

Table I: Refractory Metal and Metal Oxide Properties [2]
Metal M.P.
Atomic Radius
ElectroValence
Oxide
(°C)
(pm)
negativity
3017
146
5
1.5
Ta2O5
3422
139
6
1.7
WO3
2477
146
5
1.6
Nb2O5
2233
156.4
4
1.3
HfO2
1668
144.8
4
1.54
TiO2

Oxide
M.P. (°C)
1872
1473
1512
2758
1843
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Tantalum is a rare, highly sought after material due to its high melting point, high
electrical and thermal conductivities, and excellent corrosion resistance. [3] The world reserves
of tantalum are not abundant, and the United States relies solely on imports from other countries
including Australia, Brazil, and Canada. [4] The United States’ demand for tantalum has
increased by 44 % from 2016 to 2017, and current trends indicate that the demand for tantalum
will continue to increase in the near future. [4] Recycling of tantalum within the United States is
an important endeavor due to the limited deposits located in the U.S. that necessitate the
continued reliance on other countries for tantalum imports.
Tantalum is resistant to oxygen in air up to 100 °C, and oxidation and embrittlement will
occur above 200 °C. [5] Tantalum has high corrosion resistance and is stable in the presence of
several liquid metals and all mineral acids, except for hydrofluoric acid. The properties of
tantalum metal make it a highly versatile metal that may be used in the development of
capacitors, coatings for chemical vessels and nuclear reactors, alloys and superalloys, metal
carbides, and surgical appliances in the biomedical industry. [5, 6]
Tungsten has a melting point of 3422 °C, which is the highest of all metals; tungsten also
maintains a high tensile strength at temperatures over 1650 °C, unlike tantalum, which does not
maintain strength as temperature increases. Most mineral acids have little to no effect on
tungsten metal. Tungsten is commonly used for filaments, heating elements, tools in the form of
tungsten carbide, and as an alloying element for high temperature/speed applications. [7, 8]
Niobium will readily oxidize in air at 200 °C, therefore necessitating the use of a
protective atmosphere for high temperature applications. The properties of niobium are similar to
those of tantalum, with the exception that niobium is not quite as robust as tantalum in a
corrosive environment. Niobium deposits may be found in niobite, niobite-tantalite, parochlore,
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euxenite, and carbonatites. The only niobium deposit in the United States is in Elk Creek,
Nebraska and it is the highest grade, and largest tonnage, niobium deposit in North America. [9]
Niobium is used for arc-welding rods, advanced air frame systems (aerospace programs), and
superconductive magnets. [10, 11]
Hafnium is an extremely rare refractory metal that is found in concentrations of only one
to five percent in zircon. Hafnium and zirconium are some of the more difficult elements to
separate, and hafnium metal is produced via the Kroll process. One of hafnium’s most unique
properties is its ability to absorb thermal neutrons – hafnium is 600 times more efficient than
zirconium – which, combined with its excellent mechanical properties and corrosion resistance,
makes hafnium an ideal material for reactor control rods. [1, 12, 13]
Titanium metal, like hafnium, is produced by the Kroll process, and is used in a variety of
applications due to its strength, corrosion resistance, and ease of fabrication. Titanium is a
common alloying element with iron, aluminum, and molybdenum. Approximately 80 percent of
the titanium produced in 2017 was used in aerospace applications. Titanium was also utilized in
chemical processing equipment, medical implants, and pigments (in the form of TiO2). [14, 15]
Tantalum, tungsten, niobium, hafnium, and titanium are superior materials, but are not
commonly used alone, but rather as a component of an alloy. Recycling of these materials is an
important effort, and the research that has been conducted provides important insights into the
sintering behavior of the selected refractory metal oxides. The goal of the project was to develop
binary mixtures of the selected refractory oxides, with tantalum as the recurring component, that
may be used as a pre-set alloy in the form of metal powders. Limited research has been
conducted on the interactions of tantalum with tungsten, niobium, hafnium, and titanium.
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Throughout the course of the experimentation, sintering temperatures were evaluated in order to
ascertain a minimum temperature that effectively sinters two refractory metal oxides together.

1.1.

Electrochemical Reduction

The electrochemical reduction of oxides in molten salts is a technology that has been
around for more than 100 years. Electrochemical reduction provides an alternative method to
produce metals that are not extracted via simpler technologies or from current commercial
processes. Of the refractory metal oxides of interest in this study, only tantalum oxide and
titanium oxide are relatively well researched. The electrochemical process involves a molten salt
(e.g. CaCl2, NaCl, or LiCl) held within a crucible in a furnace heated to temperatures ranging
from 650 °C to 1200 °C, depending upon the composition of the melt. [16, 17] Reduction
experiments are typically conducted in a dry, argon atmosphere. A three-electrode arrangement
is utilized; the electrodes are connected to a potentiostat-galvanostat that allows for a constant
voltage to be applied to the system, where the output is measured in amps as a function of time.
Cyclic voltammetry may also be employed to analyze the system to determine the potential to be
applied for efficient reduction; the cyclic voltammograms are depicted as current versus
potential. Experimental run time will vary from a few hours to more than 20 hours when the full
reduction of an oxide is desired. [18, 19]
To allow for efficient recovery of the reduced metal from the electrochemical cell, the
initial oxide material is generally prepared as a sintered precursor that typically has a diameter of
10 to 20 millimeters and is 1.3 to 3.0 mm thick. [20, 21] Although in some cases the metal oxide
was introduced to the crucible as a loose powder, which negatively affected the recovery
efficiency. [16, 22]
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1.2.

Sintering

Solid-state sintering of crystalline materials is the process by which small, individual
particles are converted into a larger, coherent object at an elevated temperature below the
melting point of the constituent particles. The joining of particles is accomplished through the
tendency of the particles to reduce the surface and interface energy, as driven by
thermodynamics. The process is further expanded upon at the atomic level, where interfacial
reactions and diffusion occurs between atoms, as adjacent particles bind together. The sintering
process is subsequently limited, in terms of kinetics, by the slowest of the two processes, either
interfacial reaction or diffusion. [23]
The driving force for sintering will increase as the particle size decreases, because the
larger surface area of the small particles creates a higher free-energy state. Additionally, the
driving force provided by the smaller particle size becomes a key in the sintering of a material at
lower temperatures. A material that has a high surface-diffusion coefficient will exhibit minimal
shrinkage densification, but still gains strength through the formation of necks between adjacent
particles. [24]

Figure 1: Sintering material transport mechanisms. [24]
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Figure 1 depicts five mechanisms by which material may be transported: (1) through the
vapor phase, (2) by vacancies throughout the bulk of the particle, (3) along a grain boundary via
vacancies, (4) over the surface of the particle by surface diffusion, or (5) through the bulk of the
particle by dislocation motion. [24] Of the five mechanisms, the two most likely to apply to the
refractory metal oxides are transport through the bulk of the material by vacancy diffusion and
transport over the surface of the particle by surface diffusion.

1.3.

Thesis Statement and Objectives

The objectives of the project were divided into two distinct categories – the reduction of
tantalum oxide and the preparation of a compact precursor for subsequent reduction experiments.
The precursors were prepared by compacting oxide powders and sintering at an elevated
temperature. The initial oxide pellets prepared were solely tantalum oxide to obtain an
understanding of the sintering process, as the various processing parameters were altered. The
tantalum oxide pellets were reduced to tantalum metal via electrochemical methods to evaluate
residual oxygen content and reduction efficiencies.
The primary goal was to determine minimum sintering temperatures for the binary
refractory metal oxide systems of Ta2O5 – WO3, Ta2O5 – Nb2O5, Ta2O5 – HfO2, and Ta2O5 –
TiO2. The investigation aimed to fill a void in the field, by providing valuable data on the high
temperature reactions of these oxides through differential thermal analysis, and evidence of the
sintering behaviors through characterization via scanning electron microscopy and X-ray
diffraction.
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2. Literature Review
A comprehensive review of current literature was performed to better understand the
refractory metal oxides. The literature was found to mainly focus on either the sintering and
reduction of tantalum oxide or the reduction of titanium dioxide. Very little research has been
performed on the tantalum-tungsten, tantalum-niobium, tantalum-hafnium, and tantalumtitanium mixed oxide systems. Many electrochemical reduction articles provided detailed oxide
sintering information as part of their experimental methods section, which will be discussed
separately from the electrochemical reduction results.

2.1.

Sintering of Tantalum Oxide

Barnett et al. pressed commercially available tantalum oxide powder (2 microns)
uniaxially to achieve a pressure of 125 to 135 MPa. A bis-stearamide wax lubricant was used to
ensure that the pellet formed adequately. The sintering of the pellets (d=17.0 mm, t=1.7 mm) was
carried out at 1200 °C for three hours in air. The open porosity of the sintered pellets was
reported to be 26 – 30 %. [18]
Additional research on tantalum oxide was conducted at a later date, with minor changes
to the precursor procedure. The pressure utilized to compact the powder was reduced to 95 MPa;
sintering was performed in a muffle furnace at 1000, 1100, 1200, and 1300 °C for 8 hours. The
open porosity of the pellet decreased as the sintering temperature increased: 54 % open porosity
when sintered at 1000 °C, 50 % open porosity when sintered at 1100 °C, 32 % open porosity
when sintered at 1200 °C, and 4.2 % when sintered at 1300 °C. [25]
Barnett and Fray sintered tantalum oxide pellets at 1200 °C for eight hours; the open
porosity of these pellets (d=20 mm, t= 3 mm) was calculated to be 28 – 30 %, with an average
total porosity of 49 %. [21]
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The pellets prepared by Song et al. were created using commercial tantalum oxide
powder of unspecified initial size. The pellets were pressed using 1.5 grams of powder in a
15 millimeter die (t= 2.3 mm) under 17 MPa of pressure. The pressed pellets were sintered in air
at 1000 °C for 4 hours. Pellet porosity data was not provided. [26]
Both C. Chen et al. and Wu et al. pressed tantalum oxide pellets using only a pressure of
10 MPa. The pellets prepared by Chen et al. were 10 millimeters in diameter, and 3.0 – 5.0
millimeters thick sintered in air from 1100 – 1150 °C for only two hours. Similarly, the pellets
produced by Wu et al. were sintered for only two hours (at 900 °C) and the as-pressed pellets
were 20 millimeters in diameter, and 1.3 – 1.5 millimeters in thickness. [17, 20] Figure 2 depicts
an SEM image of the sintered tantalum oxide.

Figure 2: SEM image by Chen et al. of a sintered tantalum oxide pellet. [17]

2.2.

Sintering of Titanium Oxide

Schwandt and Fray prepared titanium oxide pellets by first drying the oxide powder for
several days at 100 °C. The powder was then combined with a 1.0 percent by mass addition of
polyvinyl butyral-co-vinyl acetate (PVB/PVA) and a 0.5 percent by mass addition of
polyethylene glycol (PEG, average MW = 200). The mixture was milled using isopropanol for
24 hours. The powder was then dried in air (100 °C), and then sized to minus 53 microns.
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Schwandt and Fray pressed pellets both uniaxially (50-75 MPa) and isostatically (175 MPa). The
sintering of the green pellets was performed at 1100 °C in air for 150 minutes. The pellets’
diameter was held constant at 23 millimeters, but the thickness of the pellets ranged from 4.0 to
16.0 millimeters; subsequently, the masses also ranged from 4.0 to 16.0 grams. Open porosity of
the pellets was determined to be 25 – 30 percent. [27]
Titanium oxide pellets prepared by Chen, Fray, and Farthing were either pressed or slip
cast, and then sintered in air at 800 – 950 °C for 2 – 48 hours; a higher sintering temperature
corresponded to a shorter sintering time. The open porosities of these pellets ranged from 40 to
60 percent. [28] Schwandt et al. prepared a similar powder mixture, as described previously, and
combined uniaxial and isostatic pressing to prepare titanium oxide precursors. The pellets were
sintered at 1100 °C in air for 2.5 hours; the open porosity of the sintered pellets was calculated to
be 25 – 30 percent. [29]

2.3.

Electrochemical Reduction of Tantalum Oxide

Barnett, Kilby, and Fray reduced tantalum oxide to tantalum using the FFC-Cambridge
process [28]. Reactions occurring at the electrodes were provided; at the cathode oxygen is
ionized (electro-deoxidation) by applying a high voltage to the metal oxide cathode (Equation 1).
MOx + 2n e- = MOx-n + n O2-

Equation 1

The oxygen ion then moves through the molten salt before reacting with either carbon at a
graphite electrode or forming oxygen gas at a tin oxide inert anode (Equation 2 - Equation 4).
n O2- + n C = n CO + 2n e-

Equation 2

n O2- + n/2 C = n/2 CO2 + 2n e-

Equation 3
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n O2- = n/2 O2 + 2n e-

Equation 4

The reduction experiments were performed using a two-electrode apparatus, and a
constant voltage of 2.8 volts was applied between the anode and the cathode in a calcium
chloride-calcium oxide molten salt at 900 °C for eight hours. Remaining oxygen content was
determined by inert gas fusion analysis. [18] A similar study performed at 850 °C, reported an
oxygen content of 7800 ppm after four hours of reduction time. [21]

2.4.

Electrochemical Reduction of Titanium Oxide

Alexander et al. reduced titanium oxide to titanium metal in a three-electrode
electrochemical cell at 900 °C. Two graphite rods were used – one as a counter electrode and the
other as the pseudo-reference electrode – and the cathode was the sintered titanium dioxide
pellet. Varying potentials were applied to different pellets for 16 hours. The different voltages
were applied to evaluate the formation of calcium titanate and calcium tintanite, to better
understand the reaction pathways of the electrochemical reduction. Fully reduced pellets (-1.5
applied voltage) were determined to have retained 12,000-36,000 ppm of oxygen. A pellet that
was reduced under the same voltage condition, but for 32 hours instead of only 16 hours was
determined to have retained 6100 ppm oxygen. [30] Research published by other members of the
same research group utilized similar methods. [27, 29]

2.5.

Tantalum-Niobium Alloy Powder

Xu et al. sintered a mixed oxide pellet containing tantalum oxide and niobium oxide. The
pellets were pressed uniaxially; powders were mixed using a mortar and pestle prior to
compaction. The pellets were intentionally left fairly porous to allow for more efficient reduction
in the molten salt.
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Figure 3: SEM image by Xu et al. of a sintered tantalum oxide – niobium oxide pellet. [17]

The pellet pictured in Figure 3 was sintered in air at 1000 °C for 5 hours, and is
composed of 30 percent by mass tantalum oxide, and 70 percent by mass of niobium oxide. The
electro-deoxidation took place in an 825 °C calcium chloride-sodium chloride molten salt. A
three-electrode apparatus was used for control of the cathodic potential. The applied potential
was kept between -1.2 and -1.5 volts, and the total reduction time was between 12 and 18 hours.
The oxygen remaining in the metallic products was less than 5000 ppm, but a surface oxide layer
may have formed, so the actual bulk oxygen content was could have been much less than
5000 ppm. [19]
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3. Electrochemical Reduction – Methods, Materials, and Results
The electrochemical reduction experiments were performed at the Idaho National
Laboratory Materials and Fuels Complex, in Idaho Falls, ID. The glovebox and furnace assembly
necessary for these reduction experiments was located in one of the engineering laboratories on
site, so the tantalum oxide pellets were prepared at Montana Tech and then transferred to INL.
The reduction experiments were only performed on tantalum oxide pellets, which had been
sintered in either air or a hydrogen atmosphere. Similar measurements have not been performed
on the binary refractory metal oxide systems. The following chapter is supplemented by
published material (Chorney et al.). [31]

3.1.

Precursor Preparation

The Ta2O5 powder was milled for several hours with poly(vinyl butyral-co-vinyl alcoholco-vinyl acetate) (PVB/PVA) and polyethylene glycol (PEG), all of which was immersed in
isopropanol. The initial powder size, prior to milling, was varied between <250 microns,
<44 microns, and <20 microns depending on the batch. Utilizing a 13 mm diameter steel die, the
powder mixture was compressed into thin pellets (1.5 mm – 3.0 mm) by pressing uniaxially with
pressures ranging from 18.6 MPa to 35.9 MPa. The green pellets were then sintered in either air
or a hydrogen atmosphere using an MTI GSL-1100X series tube furnace. Sintering was
conducted at 975°C for 4 hours, unless otherwise noted, but sintering time and temperature were
sometimes altered to create pellets with varying porosity values for the reduction experiments.
A summary of all pellet parameters for the initial pellets prepared for electrochemical
reduction at the Idaho National Laboratory, Materials and Fuels Complex is presented in Table
II. Pellet batches one through nine were pressed with 2700 psi, batches ten and eleven were
pressed with 3500 psi, while batch twelve was pressed at 3700 psi. All remaining batches were
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pressed at 5200 psi, which was found to decrease the open porosity of the pellets. A further
increase in pressure when forming the pellets was not achievable, due to the pressure rating of
the hose on the hydraulic press.
Table II: Summary of Pellet Preparation Parameters for Electrochemical Reduction Experiments
Preparation Parameters

Results

Batch
No.

Powder
Size

Sintering
Time (h)

Sintering
Atmosphere

Sintering
Temp (°C)

Porosity (%)

Density
(g/cm3)

1

-60 Mesh

4

Air

975

*

**

2

-60 Mesh

4

Air

975

*

**

3

-325 Mesh

4

Air

975

*

**

4

-20 μm

4

Air

975

*

**

5

-20 μm

4

Air

975

*

**

6

-325 Mesh

4

Air

975

*

**

7

-20 μm

4

Air

975

*

**

8

-325 Mesh

4

Air

975

*

**

9

-20 μm

4

Air

975

*

**

10

-20 μm

4

Air

975

39.4

4.91

11

-60 Mesh

4

Air

975

40 - 45

12

-325 Mesh

4-5

Air, Hydrogen

975

37.4 - 40.8
(air)

4.18 (air)

13

-325 Mesh
-20 μm

5

Air, Hydrogen

975

38.4 (air)

4.73 (air)

14

-20 μm

5

Hydrogen

975

43.4

4.40

15

-20 μm

1-5

Hydrogen

975

41.1 - 43.3

4.32 - 4.69

16

-60 Mesh

4-7

Hydrogen

975

40.4 - 42.8

4.54 - 4.72

17

-325 Mesh

4

Hydrogen

875 - 975

37.7 - 41.0

4.27 - 4.50

18

-325 Mesh

4

Hydrogen

975

*

**

19

-325 Mesh

4

Air, Hydrogen

975

35.6 - 46.6

2.6 – 3.1

20

-325 Mesh

4

Air, Hydrogen

975

40.5 - 46.1

3.2 - 3.3

Nb2O5 mixture

21

-325 Mesh

4

Air, Hydrogen

975

39.4 - 41.8

4.5

HfO2 mixture

22

-325 Mesh

4

Air, Hydrogen

975

46.5 - 53.4

3.6 - 4.4

WO3 mixture

23

-60 Mesh

4

Air, Hydrogen

975

51.3 - 52.3

3.6 - 3.7

Additional
Comments

o-ring failure for
Hydrogen run
o-ring failure for
Hydrogen run

TiO2 mixture;
pellets were brittle
TiO2 mixture;
additional binder
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3.2.

Reduction Experimental Methods

The reduction experiments were conducted in a calcium chloride (high purity,
anhydrous), 1.0 weight percent calcium oxide (high purity) melt contained in a nickel crucible. A
three-electrode configuration was utilized – a sintered tantalum pentoxide pellet threaded onto a
nickel wire served as the working electrode, and an oxygen evolving electrode and a glassy
carbon (GC) rod served as the counter electrode and the reference electrode, respectively. The
furnace was heated to 900 °C in an argon atmosphere-controlled glove box.

Figure 4: Schematic of the electrochemical cell apparatus at INL MFC facility.

The schematic of the electrochemical cell (Figure 4) has been numbered to point out
significant features of the cell. In the figure, (1) refers to the argon atmosphere controlled glove
box, (2) represents the water cooling jacket, (3) represents the resistance heater for the furnace,
(4) represents the alumina crucible with the alumina centering plates (5), the stainless steel well
furnace is represented as (6), the horizontal lines (7) represent the copper heat shields, (8)
signifies the stainless steel furnace cover, and finally, (9) represents the three-electrode assembly
that is placed within the crucible.
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3.3.

Reduction Results

Sintered oxide pellets were electrochemically reduced in the molten calcium electrolyte.
The oxide pellets were prepared by sintering the pellets in air and in a hydrogen environment
(Figure 5). The pellets sintered in hydrogen had visibly reduced surface porosity.

Figure 5: SEM image of tantalum oxide pellet sintered in air (left) versus a tantalum oxide pellet sintered
in a hydrogen atmosphere (right).

As expected, the color of the air-sintered pellet was observed to be white. However, the
color of the pellet prepared in a reducing atmosphere was observed to be light-grey (Figure 6),
which was ascribed to the formation of a slightly reduced oxide phase (Ta2O5-x or TaxOy).

Figure 6: Tantalum oxide pellet sintered in air (left) versus a tantalum oxide pellet sintered in a hydrogen
atmosphere (right).

The as-prepared sintered oxide pellets were threaded onto a nickel wire and used as the
working electrode in a pool of high purity and anhydrous (molten) calcium chloride (that
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contained 1.0 weight percent high purity and ultra-dry CaO). An oxygen evolving electrode and
a standard glassy carbon (GC) rod (3 millimeters in diameter and 100 millimeters long) were
used as the counter and reference electrode respectively.
The electrolytic reduction test runs were carried out in a stainless steel, argon atmosphere
controlled, custom-fabricated glove box. A resistance heater externally heated the furnace. The
glove box was continuously purged with laboratory-grade argon (Air Liquide), which could
maintain very low levels of moisture and oxygen contents (0.1 ppm each). However, during the
reduction experiments, the prevailing atmosphere consisted of <0.1 ppm moisture and <10 ppm
oxygen. An O-ring, which acted as the seal between the glove box and the furnace, allowed for
the necessary cooling by a glycol-based chiller that was plumbed onto the furnace.
Electrochemical reduction experiments were carried using a constant cell potential in the
range of 2.6 - 2.9 volts. The theoretical decomposition potential of Ta2O5 to tantalum and oxygen
is -1.6 volts at 900 °C for the reaction in Equation 5, and a possible working electrode reaction
for tantalum oxide is given in Equation 6.
Ta2O5 = 2 Ta (s) + 2.5 O2(g)

Equation 5

Ta2O5 + 10 e- = 2 Ta + 5 O2-

Equation 6

The applied cathode potential, during the reduction experiment was in the range -1.8 to
-1.9 volts vs. GC. The progress of the electrolytic reduction was monitored by recording the
current vs. time profile (Figure 7). The current vs. time profile showed an initial rise in the
current followed by a smooth decline as the reduction reaction progressed with time. The initial,
peak, and residual current values were 0.29 A, 0.54 A and 0.14 A respectively.
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Figure 7: Current/Voltage versus time plot for the electrochemical reduction of Ta2O5 pellet sintered in
air; electrolyte temperature was 900 °C.

The reduced air-sintered pellet is shown in Figure 8. The pellet was observed to be
partially covered with solidified calcium chloride-calcium oxide, a portion of which could be
easily scraped from the surface of the reduced pellet.

Figure 8: Tantalum pellet after reduction in calcium chloride molten salt.

After soaking in de-ionized water, the reduced pellet crumbled into greyish black powder
(Figure 9). The reduced powder was subsequently treated with ethyl alcohol and acetone. The
cleaned and partially dried powder was placed in an oven at 50°C overnight (approximately 12
hours). After drying, the powder was observed to be free-flowing.
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Figure 9: Reduced tantalum powder after cleaning.

In order to estimate the reduction efficiency, the powder was analyzed to determine the
residual oxygen content. The reduced powder (from the pellet sintered in air) was determined to
contain 1200 ppm of oxygen. The residual oxygen measurement suggested that it could be
possible to reduce the oxygen content from an initial value of 18.1% to 0.12% (99.3%
reduction).
Reduction of the sintered pellet, prepared under the reducing atmosphere, also showed a
similar current vs. time profile, as shown in Figure 7. Upon analysis, the oxygen content was
determined to be 1300 ppm when the reduction was carried out for a total duration of
approximately 15 hours. The presence of a higher degree of open porosity, as well as
defects/voids, may have accelerated the oxygen removal kinetics.
The reduced pellet was analyzed with SEM to compare the morphology of the sintered
tantalum oxide with the reduced tantalum metal. The images in Figure 10 show that even at
higher magnification, the features of the reduced tantalum metal are much smaller, but that the
particles hold together well throughout the reduction process.
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Figure 10: SEM image of tantalum oxide pellet sintered in air (left) versus the reduced
pellet of tantalum metal (right).

Additionally, a reduction experiment was halted in order to evaluate the formation of any
intermediate reduction products, such as calcium tantalates. The SEM image in Figure 11 depicts
the formation of a calcium tantalate (CaxTayOz) flake after analyzing a pellet reduced for only
two hours.

Figure 11: SEM image of tantalum oxide pellet after being reduced for 2 hours,
showing a calcium tantalite flake

Calcium tantalate formation has been researched by Jacob et al. [32], and based upon the
thermodynamic data provided in his research, stability diagrams were prepared in StabCal in
order to model the possibility of forming these intermediate compounds. These diagrams are
shown in Figure 12 and Figure 13.
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Figure 12: Plot of log of the partial pressure of O2 versus the atomic fraction of Ca at 900 °C.

The logPO2 plot illustrates the ability of calcium tantalates to form as a function of the
partial pressure of oxygen in the system; although oxygen is not present in the glovebox
atmosphere, oxygen is evolved throughout the reduction process.

Figure 13: Potential versus pO2- of the Ca-Ta-O system at 900°C.

The potential versus pO2- defines the stable regions of all elements of the electrochemical
cell, and it showcases the ability to reduce the tantalum oxide to tantalum metal, by applying a
voltage between 1.5 and 2.0 volts.
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4. Preliminary Thermal Analysis of Binary Refractory Oxide Systems
Based upon the success of the electrochemical reduction of tantalum oxide, interests
turned to the further investigation of the binary refractory oxide systems. Initial binary oxide
pellets were prepared under the same conditions as the tantalum oxide pellets – sintered for
4.0 hours at 975 °C. Although 975 °C was found to be an ideal temperature for the sintering of
tantalum oxide, through a survey of current literature as well as experimental evidence, the most
effective sintering temperatures for the binary refractory oxide systems were unknown.
To better understand the thermal behavior of the four binary systems of interest,
tantalum-tungsten, tantalum-niobium, tantalum-hafnium, and tantalum-titanium, differential
thermal analysis and thermogravimetric analysis were performed on small samples of these
systems with varying compositions. The data collected from these analysis methods were then
evaluated to ascertain changes in heat flow that indicate a reaction occurred between the two
refractory oxides in each system (the enthalpy of mixing), which would denote an optimum
sintering temperature.

4.1.

TGA/DTA Introduction

Thermogravimetric analysis (TGA) is the measure of a sample’s weight loss or weight
gain as a function of time, temperature, and atmosphere. The TGA measurements provide
information on the thermal stability of a sample; when a mass loss is observed, the sample has
undergone either a decomposition reaction or evaporation of volatile species has occurred.
Conversely, when a mass gain is observed, the sample has oxidized or experienced another
adsorption reaction. [33]
Differential thermal analysis (DTA) or differential scanning calorimetry (DSC) measures
the heat flow of a sample compared to the heat flow of a reference material, as a function of time
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and temperature. The recorded heat flow may either be endothermic or exothermic. An
endothermic event would signify that a reaction has occurred that requires heat to proceed, such
as solid-state phase changes or evaporation. An exothermic event would signify that a reaction
has occurred that releases heat, such as oxidation or crystallization. [33]

4.2.

Methods and Data

Data were collected using a TA Instruments SDT Q600 Series differential scanning
calorimeter (DSC). All samples were analyzed under an argon atmosphere in an alumina
crucible, with a heating rate of 5 °C/minute to 1150 °C. Preliminary TGA/DTA scans were
performed on 50-50 mass percent (metal basis) powder samples. Due to small changes in heat
flow, the derivative of the measured heat flow was taken with respect to temperature to better
observe the small endothermic or exothermic inflections. Further data were collected by
evaluating binary phase diagrams for the four refractory oxide systems.
4.2.1. Ta2O5 and WO3 Powder Mixtures
The tantalum oxide – tungsten oxide system was analyzed by first preparing a 50-50 mass
percent sample. Additionally, a 20-80 mass percent sample of Ta2O5 to WO3 was prepared as an
alternate composition.
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Figure 14: TGA/DTA scan of a 50-50 mass percent Ta2O5 and WO3 powder sample (11.6690 mg).

The initial tantalum-tungsten scan showed a deflection in the heat flow curve; the
temperature where the peak occurred was 751.17 °C. The tungsten sample was observed to lose
1.39 weight percent; limited mass loss was expected due to the stability of tungsten oxide, and
due to the fact that drifting of the scale was observed on a blank run in the SDT Q600 instrument
(see Appendix C: TGA/DTA Scans, Figure 75).

Figure 15: TGA/DTA scan of a 20-80 mass percent Ta2O5 - WO3 powder sample (9.1490 mg).
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An additional scan was run for the tantalum-tungsten system, comprised of 20 mass
percent Ta2O5 and 80 mass percent WO3 (metal basis). The composition change was observed to
produce a significant effect on the powder mixture, resulting in another deflection observed at
432.59 °C. Mass loss was found to be slightly larger for the sample, a total of 3.2 weight percent
over the approximately 225 minute run time. A small decrease in weight is observed prior to the
750 °C deflection.
Initially, the thermal scans were not evaluated utilizing the derivative curves (see
Appendix C: TGA/DTA Scans), which made it difficult to evaluate possible temperatures where
reactions may occur that would aid in sintering. To aid in the identification of possible reaction
mixtures, the phase diagrams for the binary mixtures were consulted, to assess the phase
boundaries and determine likely molar ratios that would produce a tantalum tungsten oxide
compound.

Figure 16: Ta2O5 - WO3 binary phase diagram. [34]
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The tantalum-tungsten phase diagram indicates the probability of forming a tantalum
tungsten oxide is relatively high, as shown by the high number of phase boundaries present
within a relatively small area of the tantalum oxide – tungsten oxide phase diagram. The 15:2
mole ratio line was chosen for examination via thermal analysis. Although there are many
available options, the 15:2 phase boundary is one of only three solid phase boundaries, indicating
a better understood relationship, whereas the dashed lines do not have the same level of
confidence.

Figure 17: TGA/DTA scan number two of the 15:2 Ta2O5:WO3 mole ratio powder sample (28.9760 mg).

The 15:2 mole ratio scan (Figure 17) was found to produce a less prominent deflection at
750 °C than either of the previous scans, and the initial 15:2 tantalum oxide – tungsten oxide
produced an even less promising scan (Appendix C: TGA/DTA Scans, Figure 84). A large
exothermic deflection was observed in the scan shown at 950 °C but was not observed in the first
scan of the 15:2 powder mixture.
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4.2.2. Ta2O5 and Nb2O5 Powder Mixtures
The tantalum oxide – niobium oxide system was analyzed by first preparing a 50-50 mass
percent sample. The resulting scan did not indicate a lower temperature that might result in
successful sintering of the binary mixture, like the scan of tantalum and tungsten oxides
produced.

Figure 18: TGA/DTA scan of a 50-50 mass percent Ta2O5 and Nb2O5 powder sample (8.4840 mg).

The initial tantalum oxide and niobium oxide scan depicts several deflections at
temperatures that are close to 975 °C – the temperature that was employed for the pellets
prepared for the electrochemical reduction experiments. The sample lost a total of 1.37 % of the
total weight over the course of the analysis.
In an attempt to find a mixture of tantalum and niobium oxides that would indicate a
reaction that occurs at a lower temperature, the niobium oxide and tantalum oxide binary phase
diagram was consulted.
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Figure 19: Ta2O5 – Nb2O5 binary phase diagram. [35]

The tantalum oxide and niobium oxide phase diagram (Figure 19) indicates a niobium
oxide and tantalum oxide solid solution region, beginning at 26.0 mole percent Ta2O5. For this
reason, the phase boundary line at 26.0 mole percent was chosen for analysis.

Figure 20: TGA/DTA scan of 26 mole percent Ta2O5 -74 mole percent Nb2O5 powder sample (10.9220 mg).
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The DTA scan of the 26 mole percent tantalum oxide sample (Figure 20) indicates a
more prominent inflection at 923.75 °C, which corresponds to one of the smaller peaks observed
in Figure 18. Mass loss is small as expected (1.48 weight percent), and a small deflection in
weight was observed prior to the inflection at 925 °C.
The tantalum-niobium system was further analyzed by preparing 21 mole percent Ta2O5
and 31 mole percent Ta2O5 powder mixtures, a change of 5.0 mole percent to place the mixture
within the phase fields on either side of the phase boundary.

Figure 21: TGA/DTA scan of 21 mole percent Ta2O5 - 79 mole percent Nb2O5 powder sample (10.3570 mg).

Figure 21 shows the results of the DTA scan of the 21 mole percent tantalum oxide
sample. The same inflection that was observed in previous scans was observed at 924.54 °C; a
total weight loss of 2.04 % was also observed.
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Figure 22: TGA/DTA scan of 31 mole percent Ta2O5 - 69 mole percent Nb2O5 powder sample (13.7990 mg).

Similar to the 21 mole percent scan, the 31 mole percent tantalum oxide sample (Figure
22) produced an inflection, only slightly less intense than the peak observed in Figure 21. The
scan indicated that the sample lost only 1.64 % of its original weight. An overlay of the three
TGA/DTA scans – 21.0, 26.0, and 31.0 mole percent Ta2O5 – may be found in Appendix C:
TGA/DTA Scans.
4.2.3. Ta2O5 and HfO2 Powder Mixtures
The tantalum and hafnium oxide system was first evaluated by preparing a 50-50 mass
percent mixture of the two refractory oxide powders. The 50-50 scan did not produce any
inflections that formed strong peaks, which have been observed for other refractory oxide binary
systems.
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Figure 23: TGA/DTA scan of a 50-50 mass percent Ta2O5 and HfO2 powder sample (5.3830 mg).

The scan shown in Figure 23 does not indicate a strong reaction between the tantalum
oxide and the hafnium oxide. The temperatures, 897.95 °C and 1024.87 °C, have been marked
based upon knowledge gained from later scans, which allowed the small inflections that were
observed to be identified.
Once again, the phase diagram for the tantalum oxide and hafnium oxide system was
referenced in order to obtain a sample mixture that might provide more promising results than
the initial scan provided.
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Figure 24: Ta2O5 – HfO2 binary phase diagram. [36]

The phase boundary that was selected for further investigation occurred at 16.6 mole
percent tantalum oxide. The three phase boundaries present are all close together between 10.0
and 20.0 mole percent tantalum oxide. Very little is known about the Ta2O5 and HfO2 binary
system, as demonstrated by the incomplete phase diagram.
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Figure 25: TGA/DTA scan 16.6 mole percent Ta2O5 - 83.4 mole percent HfO2 powder sample (14.2380 mg).

The 16.6 mole percent tantalum oxide scan (Figure 25) shows a small peak at 1023.66°C,
and very minimal weight loss (0.31 %). A small hump can be observed at approximately 900 °C,
and this inflection may be better observed in the overlay plot of the three scans produced from
the phase diagram analysis (Appendix C: TGA/DTA Scans).

Figure 26: TGA/DTA scan 11.6 mole percent Ta2O5 - 88.4 mole percent HfO2 powder sample (18.2830 mg).
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The 11.6 mole percent tantalum oxide powder sample resulted in a more prominent peak
at 1022.45 °C, and a more obvious inflection at 904.00 °C, which is of similar magnitude to the
peak observed at the same temperature for the 16.6 mole percent tantalum oxide sample. The
weight loss is once again observed to be negligible (0.22 %).

Figure 27: TGA/DTA scan 21.6 mole percent Ta2O5 - 78.4 mole percent HfO2 powder sample (13.1750 mg).

The final tantalum-hafnium system scan, 21.6 mole percent Ta2O5, appeared to have a
slightly more defined peak at 928.17 °C, but the peak at 1024.87 °C is slightly less prominent
than the one observed for the 11.6 mole percent Ta2O5. The weight loss observed for the sample
(1.5 %) was greater than any of the other tantalum oxide – hafnium oxide samples.
4.2.4. Ta2O5 and TiO2 Powder Mixtures
The tantalum oxide – titanium oxide system was analyzed by first preparing a 50-50 mass
percent sample. The resulting scan did not indicate that a reaction occurred between the tantalum
oxide and the tungsten oxide below 1000 °C.
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Figure 28: TGA/DTA scan of a 50-50 mass percent Ta2O5 and TiO2 powder sample (6.2930 mg).

The TGA/DTA scan of the 50-50 tantalum – tungsten oxide mixture did not show an
indication of a viable sintering temperature lower than the 975 °C, the temperature used for prior
precursor sintering. The weight loss of the sample was higher than usual, 2.25 weight percent,
and a relatively large drop in weight was observed prior to the inflection observed around
1000 °C.
The tantalum oxide and titanium oxide binary phase diagram was obtained to evaluate
alternative refractory oxide powder ratios for analysis. The phase diagram for the tantalum and
tungsten system is more well defined than the previous system of tantalum and hafnium.
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Figure 29: Ta2O5 – TiO2 binary phase diagram. [37]

The tantalum oxide and titanium oxide phase diagram (Figure 29) clearly indicates the
formation of a tantalum titanium oxide (Ta2O5·TiO2) at 50.0 mole percent TiO2. The phase fields
on either side of the phase boundary indicate that 7Ta2O5·TiO2 and Ta2O5·TiO2 are stable to the
left of the phase boundary and Ta2O5·TiO2 and TiO2 (solid solution) are stable to the right of the
phase boundary.
A 50.0 mole percent tantalum oxide and 50.0 mole percent titanium oxide powder sample
was prepared for analysis by TGA/DTA. The results of the analysis are shown in Figure 30.
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Figure 30: TGA/DTA scan 50 mole percent Ta2O5 and 50 mole percent TiO2 powder sample (12.1250 mg).

The 50.0 mole percent tantalum oxide and 50 mole percent titanium oxide thermal scan
(Figure 30) is very similar in appearance to the 50-50 mass percent sample scan. A small positive
deflection is visible between 1000 °C and 1050 °C. The weight loss of the sample was less than
the previous tantalum-titanium scan, with only 1.02 % of the total weight lost.
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Figure 31: TGA/DTA scan 45 mole percent Ta2O5 and 55 mole percent TiO2 powder sample (8.4440 mg).

The phase field to the right of the phase boundary was analyzed by preparing a 45 mole
percent tantalum oxide and 55 mole percent titanium oxide powder sample for thermal analysis.
The scan that was obtained from the 45 mole percent tantalum sample deviated greatly from
previous tantalum-titanium scans, showing a significant positive inflection at 929.38 °C. The
sample lost 1.88 % of the total weight of the sample.
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Figure 32: TGA/DTA scan 55 mole percent Ta2O5 and 45 mole percent TiO2 powder sample (8.8860 mg).

The phase field to the left of the phase boundary was analyzed by preparing a 55 mole
percent tantalum oxide and 45 mole percent titanium oxide sample for thermal analysis. Figure
32 depicts the scan that was produced, which was found to be significantly different than the
previous scan (Figure 31). A positive inflection is seen at a much lower temperature, 773.62 °C,
and another smaller peak is observed at 982.25 °C. The weight loss was smaller than other
tantalum oxide and titanium oxide scans (1.33 weight percent).

4.3.

Analysis of DTA Data

The tantalum-tungsten system is unique because further investigation utilizing
information obtained from the phase diagram did not provide an indication of a lower sintering
temperature for the oxide powders. It is unlikely that selecting the 11:4 phase boundary in the
tantalum-tungsten oxide phase diagram would have produced a drastically different result from
the 15:2 mole ratio, because these mole ratios heavily favor the tantalum oxide. The powder
mixture that provided the most promising results was that of the 20-80 mass percent of tantalum-
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tungsten that contained a larger percentage of tungsten oxide, and molar ratios favoring tungsten
oxide were not provided on the phase diagram. The tantalum oxide scan of 20 mass percent
tantalum oxide and 80 mass percent tungsten oxide (11 mole percent tantalum oxide and 89 mole
percent tungsten oxide), contained two equally significant deflections. Both of these peaks were
selected for further analysis; the temperatures of interest for the tantalum-tungsten system are
400 °C, 460 °C, 725 °C, and 775 °C.
The thermal scans of the tantalum-niobium system generated based upon the phase
diagram analysis all provided almost identical inflections at 935 °C. The 50-50 mass percent
scan provided an additional peak at 1000 °C, but this particular inflection was not reproducible
for any of the other tantalum-niobium sample ratios. The tantalum-niobium system selected for
further analysis was 30 mole percent Ta2O5 and 70 mole percent Nb2O5, with sintering
temperatures of 900 °C and 950 °C.
The tantalum-hafnium system’s initial 50-50 mass percent scan did not provide much
information on possible reactions that would aid in sintering. The thermal scans generated after
examining the tantalum oxide and hafnium oxide phase diagram were found to follow the same
general trend of peak formation. Both 11.6 mole percent tantalum oxide and 16.6 mole percent
tantalum oxide samples produced peaks at approximately 900 °C and 1025 °C, whereas the first
peak observed in the 21.6 mole percent tantalum oxide sample was shifted to 930 °C, and
slightly more defined than the other two sample compositions. The 11.6 mole percent tantalum
oxide 88.4 mole percent hafnium oxide system was selected for further analysis, because while
similar to the 16.6 mole percent system, the first and second peaks appeared to be slightly more
well defined for the 11.6 mole percent tantalum oxide scan. The selected sintering temperatures
were 860 °C and 1050 °C. Upon later review of an overlay of all three tantalum oxide and
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hafnium oxide scans, the 21.6 mole percent tantalum oxide scan, exhibited a more prominent
peak at 930 °C (Figure 109) the slight discrepancy in the selection of the tantalum-hafnium oxide
system will be discussed in further detail in Section 6.3 (High Temperature XRD of Reagent
Oxide Powders).
The tantalum-titanium system’s thermal scans based upon the phase diagram analysis did
not produce similar results. Due to the large difference in the 45 mole percent tantalum oxide
scan and the 55 mole percent tantalum oxide scan, both compositions were selected for further
experimentation. The sintering temperatures for the 45 mole percent tantalum oxide composition
were 825 °C and 1000 °C, and the sintering temperatures selected for the 55 mole percent
tantalum oxide composition were 625 °C and 900 °C.
4.3.1. Sintering Temperature Selection
The sintering temperatures for the binary refractory oxide systems were selected based
upon major deflections observed in the thermal scans. For each of the selected refractory oxide
systems, a temperature was chosen on either side of the detected peaks. By choosing a
temperature on either side of the reaction, changes in the degree of sintering could be observed
by either SEM or XRD analysis. As an illustration, the tantalum-tungsten system sintering
temperatures are superimposed on the TGA/DTA scan in Figure 33.
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Figure 33: TGA/DTA scan of a 20-80 mass percent Ta2O5 - WO3 powder sample (9.1490 mg) showing
sintering temperatures.

The sintering temperatures for the tantalum-tungsten, tantalum-niobium system,
tantalum-hafnium system, and the two tantalum-titanium systems are provided in Table III.

Table III: Sintering Temperatures for Binary Refractory Oxide Systems

System
11 mol% Ta2O5 – 89 mol% WO3 (1)
11 mol% Ta2O5 – 89 mol% WO3 (2)
30 mol% Ta2O5 – 70 mol% Nb2O5
11.6mol% Ta2O5 – 88.4 mol% HfO2
45 mol% Ta2O5 – 55 mol% TiO2
55 mol% Ta2O5 – 45 mol% TiO2

Temperature 1
(°C)
400
725
900
860
825
625

Temperature 2
(°C)
460
775
950
1050
1000
900

Figure Ref. No.

Figure 33
Figure 33
Figure 120
Figure 121
Figure 122
Figure 123
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5. Refractory Oxide Precursor Sintering – Methods and Materials
The binary systems selected from the results of the thermal analysis of the refractory
oxides proceeded to the milling and sintering operations. A large enough batch of each system
was prepared to allow at least five pellets to be pressed at each sintering temperature of interest.
Sintering was performed at two different temperatures (the tantalum-tungsten batch was sintered
at four different temperatures) to observe changes in structure before and after each temperature
of interest, which were determined in Section 4.2.

5.1.

Milling and Pressing of Refractory Oxides

Sufficient powder was milled to create at least five pellets per temperature, with
approximately 1.65 grams of powder delegated to each pellet. The milling was conducted in a
small grinding jar (inner diameter: 13 cm) with alumina grinding media. Once the mill was
charged, the jar was placed on a rolling jar mill for 4.0 hours. The milling was separated into
segments to allow for the motor of the mill to cool. The mill was run continuously for 1.5 hours,
left to rest for ten minutes, run continuously for another 1.5 hours, rested for ten minutes, and run
for the final 1.0 hour of mill time. Images of the milling equipment are provided in Appendix A:
Equipment.
The tantalum-tungsten system milling was completed in two operations. Full details of
the two batches are provided in Table IV and Table V. The total mass of powder added to the
grinding jar was 38.6315 grams, and the total amount of liquid binder (PEG) added was 12
drops. The PVB/PVA that was added totaled 1.0 weight percent of the combined mass of
tantalum oxide and tungsten oxide. The amount of PEG added to each batch was scaled to match
the amount added from the first phase of pellet sintering. The charge was milled for 4.0 hours in
isopropyl alcohol and left to dry under a heat lamp for approximately 36.0 hours. The milled
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slurry was left to dry in plastic weigh pans, and the powder was then scraped from the pans with
a razor blade, which was also used to “cut” the powder that had dried together as larger pieces.
Table IV: 11 Mole Percent Ta2O5 – 89 Mole Percent WO3 Batch No. 1 Composition

Component

Amount

Tantalum Oxide

4.8613 g

Tungsten Oxide

20.6336 g

PVB/PVA

0.2556

PEG

8 drops

Isopropyl Alcohol

200.00 mL

Table V: 11 Mole Percent Ta2O5 – 89 Mole Percent WO3 Batch No. 2 Composition

Component

Amount

Tantalum Oxide

2.4320 g

Tungsten Oxide

10.3197 g

PVB/PVA

0.1293 g

PEG

4 drops

Isopropyl Alcohol

200.00 mL

The tantalum oxide and tungsten oxide powder was weighed (37.6052 grams) and
divided into 22 fractions, each weighing approximately 1.65 grams. The 23rd fraction weighed
only 1.2041 grams, which was pressed along with the other 22 fractions. The powder fractions
were pressed into pellets using a steel die (13 mm inner diameter) and a hydraulic press. A
pressure of 4400 – 4500 psi (30.30 – 31.0 MPa) was applied to each pellet, and each pellet was
left under pressure for a couple of minutes before the pressure was released and the pellet was
removed from the die. The pellets were weighed after the pressing operation, and the average
mass loss was 0.023 grams.
The tantalum-niobium system milling was completed in one batch (Table VI). The total
mass of powder added to the grinding jar was 16.0944 grams, and the total amount of liquid
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binder (PEG) added was 5 drops. The PVB/PVA added was calculated to be 1.0 weight percent
of the combined mass of tantalum oxide and niobium oxide, but a slight excess was added when
preparing the charge material. The amount of PEG added to each batch was scaled to match the
amount added from the first phase of pellet sintering. The charge was milled for 4.0 hours in
isopropyl alcohol and left to dry under a heat lamp for approximately 36.0 hours. The powder
was removed from the pans with a razor blade, which was also used to “cut” the powder that had
dried together as larger pieces.
Table VI: 30 Mole Percent Ta2O5 – 70 Mole Percent Nb2O5 Batch Composition

Component

Amount

Tantalum Oxide

6.6290 g

Niobium Oxide

9.3038 g

PVB/PVA

0.1616 g

PEG

5 drops

Isopropyl Alcohol

200.00 mL

The total weight of the powder after it had dried was 18.2643 grams, which indicates that
the powder retained some of the isopropyl alcohol employed in the milling process. The powder
was divided into 10 fractions, weighing approximately 1.65 grams. The eleventh fraction
weighed 1.6174 grams. The pellets were pressed using the same procedure that was employed
for the tantalum-tungsten pellets; a pressure of 4200 – 4300 psi (29.0 – 29.6 MPa) was applied to
each powder fraction. The pellets were weighed after the pressing operation, and the average
mass loss was 0.010 grams.
The milling of the tantalum-hafnium system was completed in one batch (Table VII). The
total mass of the charge added to the grinding jar was 20.9689 grams, and 7 drops of PEG were
added to the charge. The PVB/PVA added was calculated to be 1.0 weight percent of the mass of
tantalum oxide and hafnium oxide combined, but a slight excess was added when preparing the
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charge material. The amount of PEG added to each batch was scaled to match the amount added
from the first phase of pellet sintering. The charge was milled for 4.0 hours and left to dry under
a heat lamp for approximately 36.0 hours. Once the powder was dry, it was scraped from the
pans and cut up into smaller pieces with a razor blade so the powder could be weighed and
pressed.
Table VII: 11.6 Mole Percent Ta2O5 – 88.4 Mole Percent HfO2 Batch Composition

Component

Amount

Tantalum Oxide

4.5740 g

Hafnium Oxide

16.1836 g

PVB/PVA

0.2113 g

PEG

7 drops

Isopropyl Alcohol

200.00 mL

The total weight of the powder after it had dried was 19.9013 grams. The powder was
divided into 11 fractions, weighing approximately 1.65 grams. The twelfth fraction weighed
1.7080 grams. The pellets were pressed using the same procedure that was employed for the
tantalum-tungsten pellets; a pressure of 4600 – 4700 psi (31.7 – 32.4 MPa) was applied to each
powder fraction. The pellets were weighed after the pressing operation, and the average mass
loss was 0.010 grams.
Milling of the first tantalum-titanium system, consisting of 45 mole percent tantalum
oxide and 55 mole percent titanium oxide (Table VIII), had a total solid mass of 19.6220 grams.
The PVB/PVA added was calculated to be 1.0 weight percent of the mass of tantalum oxide and
titanium oxide combined, but a slight excess was added when preparing the charge material, and
10 drops of PEG were added. The amount of PEG added to each batch was scaled to match the
amount added from the first phase of pellet sintering. The charge was milled for 4.0 hours and
left to dry under a heat lamp for approximately 36.0 hours. Once the powder was dry, it was
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scraped from the pans and cut up into smaller pieces with a razor blade so the powder could be
weighed and pressed.
Table VIII: 45 Mole Percent Ta2O5 – 55 Mole Percent TiO2 Batch Composition

Component

Amount

Tantalum Oxide

15.9091g

Titanium Oxide

3.5154 g

PVB/PVA

0.1975 g

PEG

10 drops

Isopropyl Alcohol

200.00 mL

After the milled slurry had dried, the total mass was determined to be 19.4642 grams. The
powder was divided into 11 fractions, weighing approximately 1.64 grams. The twelfth fraction
weighed 1.2308 grams. The pellets were pressed using the same procedure that was employed
for the tantalum-tungsten pellets; a pressure of 4500 – 4800 psi (31.0 – 33.1 MPa) was applied to
each powder fraction. The pellets were weighed after the pressing operation, and the average
mass loss was 0.018 grams.
Milling of the second tantalum-titanium system, consisting of 55 mole percent tantalum
oxide and 45 mole percent titanium oxide (Table IX), had a total solid mass of 18.7943 grams
and 10 drops of PEG. A slight excess of PVB/PVA was when weighing out the 1.0 weight
percent required, to ensure that the green strength of the pellets was sufficient. The amount of
PEG added to each batch was scaled to match the amount added from the first phase of pellet
sintering. The charge was milled for 4.0 hours and left to dry under a heat lamp for
approximately 36.0 hours. Once the powder was dry, it was scraped from the pans and cut up
into smaller pieces with a razor blade so the powder could be weighed and pressed.
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Table IX: 55 Mole Percent Ta2O5 – 45 Mole Percent TiO2 Batch Composition

Component

Amount

Tantalum Oxide

16.2035 g

Titanium Oxide

2.3966 g

PVB/PVA

0.1942 g

PEG

10 drops

Isopropyl Alcohol

200.00 mL

Once the milled slurry was dry, the total mass was determined to be 19.0260 grams,
which indicates that the powder retained some of the isopropyl alcohol employed in the milling
process. The powder was divided into 11 fractions, each weighing approximately 1.60 grams.
The twelfth fraction weighed 1.3656 grams. The pellets were pressed using the same procedure
that was employed for the tantalum-tungsten pellets; a pressure of 4700 – 4800 psi (32.4 – 33.1
MPa) was applied to each powder fraction. The pellets were weighed after the pressing
operation, and the average mass loss was 0.007 grams.

5.2.

Sintering of Binary Systems

Sintering of the green pellets was performed in either a MTI GSL-1100X series tube
furnace or in an MTI GSL-1500X series tube furnace using a quartz tube. Continuous operation
of the GSL-1100X series furnace is limited to 1000 °C, which necessitated the use of the GSL1500X series furnace for the hafnium runs, due to the designated sintering temperature of
1050 °C and the length of the hold time. The sintering of both sets of hafnium pellets, sintered at
860 °C and 1050 °C, was performed in the same furnace so that any potential differences in
heating of the pellets were applied to both sets of pellets within the same system.
The tantalum-tungsten sintered pellets, were found to have obvious differences in
appearance, depending on the temperature at which the pellet was sintered (Figure 34). The
pellets that were sintered at 400 °C were a muted yellow-green color, and as sintering
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temperature increased, the yellow-green color became more pronounced. The pellets sintered at
775 °C were observed to be the brightest in color, a vibrant yellow-green hue.

Figure 34: 11 mole percent Ta2O5 – 89 mole percent WO3 pellets sintered at 400, 460,
725, and 775 °C (left to right).

Using previous mass data, the masses of all of the sintered pellets were recorded, which
allowed for the determination of the weight loss that occurred during the sintering operation.
Sintering at 400 °C resulted in a 4.09 % weight loss from the original pressed weight, sintering at
460 °C resulted in a 4.12 % weight loss, sintering at 725 °C resulted in a 4.14 % weight loss, and
the final sintering temperature of 775 °C resulted in a weight loss of 4.20 %. The weight loss was
found to increase as sintering temperature increased, which was expected as the particles sinter
together, but the overall changes observed in the weights of the pellets were not large (on
average 0.067 grams were lost). The small weight loss is attributed to the volatilization of the
two binders utilized in forming the pellets.
The tantalum-niobium pellets were sintered at 900 °C and 950 °C, both sets of pellets
experienced cracking that may be attributed to insufficient addition of the two binders. The
pellets were all white in color, and the brightness of the pellets increased after sintering (Figure
35). Prior to sintering the pellets were an off-white with very pale gray portions.
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Figure 35: 30 mole percent Ta2O5 – 70 mole percent Nb2O5 pellets sintered at 900 and 950 °C
(left to right); side view of 30T-70N-950-9.

When compared to the weight of the tantalum-niobium pellets, the pellets that were
sintered at 900 °C lost 5.26 weight percent on average due to sintering, while the pellets sintered
at 950 °C lost 5.27 % of the original weight of the pressed pellets on average. The weight loss
was determined to have increased slightly with the increase in sintering temperature. Overall, the
pellets lost an average of 0.087 grams during the sintering process, which was 0.020 grams more
than the tantalum-tungsten pellets.
The tantalum-hafnium pellets were sintered at 860 °C and 1050 °C, which necessitated
the use of the MTI GSL-1500X series tube furnace to allow for the elevated hold temperature of
1050 °C. The sintered pellets did not appear to have any obvious defects, like the tantalumniobium pellets, and the color of the sintered pellets was a bright white. The color after sintering
was much more uniform, occasionally the pressed pellets were slightly speckled a pale gray due
to the film that would form as the milled slurry dried.
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Figure 36: 11.6 mole percent Ta2O5 – 88.4 mole percent HfO2 pellets sintered
at 860 °C and 1050 °C.

Tantalum-hafnium pellets lost an average of 2.53 % of the original pressed weight when
sintered at 860 °C and 2.56 % of the original pressed weight when sintered at 1050 °C. When
considering all twelve pellets, the average weight loss was 0.042 grams, which is significantly
less than the average weight loss observed for the tantalum-niobium system.
The 45 mole percent tantalum oxide and titanium oxide system was sintered at 825 °C
and 1050 °C. The sintered pellets did not have any discernable defects and were observed to be a
bright white color. Similarly, the 55 mole percent tantalum oxide and titanium oxide pellets,
which were sintered at 625 °C and 900 °C, did not experience any noticeable cracking and were
a bright white color.
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Figure 37: 45 mole percent Ta2O5 – 55 mole percent TiO2 pellets sintered at 825 °C and 1000 °C and 55
mole percent Ta2O5 – 45 mole percentTiO2 pellets sintered at 635 °C and 900 °C (from left to right).

The 45 mole percent tantalum oxide – titanium oxide pellets sintered at 825 °C lost an average of
2.40 % of the initial weight of the pressed pellet, whereas the pellets sintered at 1000 °C
experienced a weight loss of 2.51 %. A similar difference in weight loss was observed for the
pellets sintered from the 55 mole percent tantalum oxide – titanium oxide powder. The 55 mole
percent tantalum oxide pellets sintered at 625 °C were found to have lost 3.20 % of the weight of
the green pellets, and pellets that were sintered at 900 °C experienced a weight loss of 3.33 %.

52

6. Characterization of Binary Oxide Systems
Characterization of the sintered pellets and the binary refractory oxide systems allows for
in depth analysis of the degree of sintering obtained for each system. Scanning electron
microscopy (SEM) provided high magnification images of the surface of a sample pellet from
each sintering temperature and binary system. From the SEM images, the degree or stage of
sintering could be determined, which could then be related to the sintering temperature to
evaluate whether a lower sintering temperature would be reasonable. Additionally, energy
dispersive X-ray spectroscopy (EDS) was utilized to evaluate the relative composition at a
specific point of an SEM image. EDS also provides some information on the sintering of the
pellets, due to its ability to detect specific elements at a small point on the surface of the pellet. If
the pellet has sintered well, both refractory metals (i.e. Ta and W) would be expected to be found
within the particle analyzed by EDS.
X-ray diffraction (XRD) was employed in two different ways in order to fully
characterize the binary oxide systems. XRD was performed on one pellet, which had been
ground up, at each sintering temperature to determine whether any mixed oxides had formed
during the sintering process, as well as whether the percentage of the mixed oxides increased as
the sintering temperature of the binary oxide system increased. In addition to the analysis of
sintered pellets, XRD was utilized to collect diffractograms of the binary oxide systems as a
function of temperature, using reagent oxide powders, through the use of a high temperature
attachment to the XRD.

6.1.

SEM and EDS

Scanning electron microscopy was performed on a sample pellet from each sintering
temperature. The images were obtained using a MIRA3 TESCAN SEM with an EDS attachment,
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and a secondary electron detector. Energy dispersive X-ray spectroscopy was performed to
determine elemental composition at specific points within the scanned images; a sample EDS
profile for each binary oxide system has been selected for discussion. Select SEM images and
EDS reports are catalogued in Appendix D: SEM/EDS Data.
6.1.1. Tantalum-Tungsten Oxide System
The tantalum oxide and tungsten oxide pellets were sintered in air at 400, 460, 725, or
775 °C. The pellets were sputtered with carbon prior to viewing the samples in the SEM. Figure
38 compares the surface of the pellets sintered at 400 °C and 460 °C.

Figure 38: SEM images of 11 mole percent Ta2O5 – 89 mole percent WO3 sintered at
400 °C (left) and 460 °C (right).

The image of the pellet sintered at 460 °C appears to have larger sections which have
grown together, and the particle size appears to be slightly larger for the pellet sintered at a
higher temperature. Porosity is very apparent within the pellet, and the surface topography of the
pellet was not completely level. The elevated sintering temperatures, 725 °C and 775°C, are
depicted in Figure 39.
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Figure 39: SEM images of 11 mole percent Ta2O5 – 89 mole percent WO3 sintered at
725 °C (left) and 775 °C (right).

A change in particle size is observed from the pellets sintered at the two lower
temperatures, compared to the larger particle size seen in the pellets sintered at higher
temperatures. The surface of the pellet sintered at 775 °C, shows a marked difference in the
surface morphology and the degree of sintering; large areas are very obviously bound together
and made up of larger particles than in the previous tantalum-tungsten pellets.

Figure 40: EDS scan of Ta2O5 – WO3 pellet sintered at 775 °C.

The EDS profile (Figure 40) illustrates the elemental analysis of the tantalum oxide and
tungsten oxide pellets. Tungsten was found to have the largest observed peaks, due to the higher
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tungsten content in the sample. The EDS scans were executed as point analyses, so some scans
may indicate higher percentages of tantalum. Carbon is also present from coating the sample
prior to analysis to create a conductive surface.
6.1.2. Tantalum-Niobium Oxide System
The tantalum-niobium system pellets were sintered at 900 °C and 950 °C. These pellets
were found to have very noticeable cracking on the sides, as well as partly through the center of
the pellets. The surface of the pellets was left unaffected, and therefore should not influence the
evaluation of the sintered pellets.

Figure 41: SEM images of 30 mole percent Ta2O5 – 70 mole percent Nb2O5 sintered at
900 °C (left) and 950 °C (right).

The pellets shown in Figure 41 exhibit excellent visual evidence of both the initial stages
of sintering (necking) as well as the intermediate and final stages (where particle size increases
and pores are reduced). Pore size and volume appears to be greatly minimized in the tantalumniobium pellet sintered at 950 °C, and the agglomeration of particles is further enhanced. The
darker, jagged pieces that are observed in the lower left corner of the SEM image on the left,
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were identified as pieces of the alumina grinding media, because of the presence of aluminum in
some of the EDS scans.

Figure 42: EDS scan of Ta2O5 – Nb2O5 pellet sintered at 900 °C.

The EDS scan of the tantalum oxide and niobium oxide pellet sintered at 900 °C, shows
the detection of tantalum, niobium, oxygen, and carbon. Tantalum peaks are more pronounced
than the niobium peaks, indicating that at the point selected for EDS analysis, tantalum was the
primary constituent. Other regions that were scanned indicated higher quantities of niobium
present.
6.1.3. Tantalum-Hafnium Oxide System
The tantalum-hafnium system pellets were sintered at 860 °C and 1050 °C, which was the
highest sintering temperature selected for analysis. The SEM images in Figure 43 show the
surface of the tantalum oxide and hafnium oxide pellets, and the degree of sintering.
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Figure 43: SEM images of 11.6 mole percent Ta2O5 – 88.4 mole percent HfO2 sintered at
860 °C (left) and 1050 °C (right).

Compared to the tantalum-niobium system, the sintering of the tantalum-hafnium system
was not as successful. The particle size in both the lower temperature pellet and the higher
temperature pellet remains unchanged, some small areas appear to have experience some
necking and growth, but most particles show no obvious signs of binding together.

Figure 44: EDS scan of Ta2O5 – HfO2 pellet sintered at 1050 °C.

The EDS scan in Figure 44 further indicates a lack of sintering, due to the absence of
tantalum detected within several spots on the surface of the pellet sintered at 1050 °C. Aluminum
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was frequently detected, when the morphology did not necessarily appear as though alumina
might be present.
6.1.4. Tantalum-Titanium Oxide System
The 45 mole percent tantalum oxide and 55 mole percent titanium oxide pellets were
sintered at 825 °C and 1000 °C. SEM images of two sintered pellets are provided in Figure 45.

Figure 45: SEM images of 45 mole percent Ta2O5 – 55 mole percent TiO2 sintered at
825 °C (left) and 1000 °C (right).

The pellet sintered at 1000 °C is very similar to the SEM images obtained from the
tantalum-niobium system. The particles have bonded together, much more so than when sintered
at only 825 °C, and the overall porosity of the pellet appears to be reduced. The pellet that was
sintered at 825 °C appears much more granular, although not nearly as defined as the tantalum
oxide and hafnium oxide pellets.
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Figure 46: EDS scan of 45 mole percent Ta2O5 – 55 mole percent TiO2 pellet sintered at 1000 °C.

The EDS scan of the 45 mole percent tantalum oxide and 55 mole percent titanium oxide
pellet sintered at 1000 °C shows large peaks of both tantalum and titanium; the scan also
indicates contamination from the grinding media.
The 55 mole percent tantalum oxide and 45 mole percent titanium oxide pellets were also
evaluated using the SEM. The pellets were sintered at either 625 °C or 900 °C, and example
images of these sintering temperatures are shown in Figure 47.

Figure 47: SEM images of 55 mole percent Ta2O5 – 45 mole percent TiO2 sintered at
625 °C (left) and 900 °C (right).
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The SEM image taken of the pellet sintered at 625 °C, is very similar in appearance to the
image of the 45 mole percent tantalum oxide pellet sintered at 825 °C. The pellet that was
sintered at 900 °C appears to have slightly reduced surface porosity compared to the pellet
sintered at 625 °C. The change of 275 °C in sintering temperature was not found to significantly
affect the sintering behavior of 55 mole percent tantalum oxide composition.

Figure 48: EDS scan of 55 mole percent Ta2O5 – 45 mole percent TiO2 pellet sintered at °C.

The EDS scan (Figure 48) of the 55 mole percent tantalum oxide pellet sintered at 900 °C
produced large tantalum and titanium peaks; the presence of aluminum was not detected at this
particular location on the sample.

6.2.

XRD of Sintered Pellets

Analysis of XRD data was performed using either PDXL or JADE software, depending
on the information available in the respective databases. Whole pattern fitting and the relative
intensity ratio (RIR) method were used to determine quantitative results. Relative intensity ratio
refers to the intensity of a peak compared with the intensity of a standard, which is generally
corundum. The use of two different analysis software programs was due to the fact that, while
the PDXL database contained a possible mixed oxide for both the tantalum-niobium system and
the tantalum-hafnium system, it did not contain an RIR value for the two mixed oxides. JADE
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was employed for the analysis of the niobium and hafnium systems, because the software
allowed the RIR values to be edited, but PDXL did not allow for any parameter adjustments.
6.2.1. Tantalum-Tungsten Oxide System
The tantalum-tungsten mixture was sintered at four different temperatures; one sintered
pellet from each temperature was selected at random for XRD analysis using PDXL software.
The analysis of pellet number 13, sintered at 400 °C, was determined to contain small quantities
of three different mixed oxides in the Ta-W-O system: tungsten 37-tantalum oxide
(WTa37O95.487), tungsten 15-tantalum oxide (WTa15O40.5), and tetratungsten 22-tantalum oxide
(W4Ta22O67). The formation of these three mixed oxides are described in the following
equations.
7.5 Ta2O5 + WO3 = WTa15O40.5

Equation 7

18.5 Ta2O5 + WO3 = WTa37O95.5

Equation 8

11 Ta2O5 + 4 WO3 = W4Ta22O67

Equation 9

The mixed tantalum-tungsten oxides that formed added up to 14.36 % of the total
composition (Table X). Tungsten 15-tantalum oxide was the predominant mixed oxide phase,
and only very small amounts of tetratungsten 22-tantalum oxide were formed.
Table X: XRD Quantitative Analysis Results (WPF) Obtained from Pellet 11T-89W-400-13
Phase Name

Formula

FOM

DB Card No

Content

Tantite, syn

Ta2O5

0.800

01-089-2843

10.04

Tungsten Oxide

WO3

0.332

01-083-0950

75.60

Tungsten Tantalum Oxide

WTa37O95.487

1.459

01-070-2464

5.62

Tungsten Tantalum Oxide

WTa15O40.5

1.786

01-070-2462

7.03

Tetratungsten 22-tantalum oxide

W4Ta22O67

1.781

01-070-2461

1.71
100.00

Total
TaxWyOz

14.36
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The pellet sintered at 460 °C (number 21) contained two mixed oxides – tungsten 37tantalum oxide and tungsten 15-tantalum oxide – in addition to tantalum oxide and tungsten
oxide. Tungsten 37-tantalum oxide was present at 7.94 % of the total composition, and tungsten
15-tantalum was present at 4.97 % of the total composition. The total amount of mixed oxides
was determined to be 12.91 %, which is slightly less than the pellet sintered at 400 °C, but since
these are only relative percentages, the difference in percentages implies that little to no change
was observed in the total mass of mixed oxides formed. Table XI provides information on the
composition of the pellet sintered at 460 °C.
Table XI: XRD Quantitative Analysis Results (WPF) Obtained from Pellet 11T-89W-460-21
Phase Name

Formula

FOM

DB Card No

Content

Tantalum Oxide

Ta2O5

0.735

01-070-9177

10.92

Tungsten Oxide

WO3

0.350

01-083-0950

76.17

Tungsten Tantalum Oxide

WTa37O95.487

1.383

01-070-2464

7.94

Tungsten Tantalum Oxide

WTa15O40.5

2.026

01-070-2462

Total
TaxWyOz

4.97
100.0

12.91

As the sintering temperature increased to 725 °C, the addition of another mixed oxide
phase was observed – ditantalum tungsten oxide (Ta2WO8). The formation of ditantalum
tungsten oxide from tantalum oxide and tungsten oxide is shown in Equation 10.
Ta2O5 + WO3 = Ta2WO8

Equation 10

The mixed oxides that formed at 725 °C totaled 24.60 % of the oxides present in the powder
sample. Tetratungsten 22-tantalum oxide was present in the largest amount (9.54%); the
remaining three mixed oxides (tungsten 37-tantalum, tungsten 15-tantalum, and ditantalum
tungsten oxide) were all determined to be 5.02 % of the total composition (Table XII).
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Table XII: XRD Quantitative Analysis Results (WPF) Obtained from Pellet 11T-89W-725-5
Phase Name

Formula

FOM

DB Card No

Content

Tantite, syn

Ta2O5

0.926

01-089-2843

7.73

Tungsten Oxide

WO3

0.243

01-083-0950

67.67

Tungsten Tantalum Oxide

WTa37O95.487

1.246

01-070-2464

5.02

Tungsten Tantalum Oxide

WTa15O40.5

1.524

01-070-2462

5.02

Tetratungsten 22-tantalum oxide

W4Ta22O67

1.327

01-070-2461

9.54

Ditantalum Tungsten Oxide

Ta2WO8

1.022

01-070-2211

5.02
100.00

Total
TaxWyOz

24.60

The final tantalum-tungsten pellet was sintered at 775 °C; all four of the previously
mentioned mixed oxide phases were detected, but all three of the tungsten tantalum oxides were
present in very low amounts, and the ditantalum tungsten oxide was determined to be present in
a higher percentage (7.03 %) than the sample sintered at 725 °C (Table XIII).
Table XIII: XRD Quantitative Analysis Results (WPF) Obtained from Pellet 11T-89W-775-9
Phase Name

Formula

FOM

DB Card No

Content

Tantalum Oxide

Ta2O5

0.752

01-070-9177

16.97

Tungsten Oxide

WO3

0.336

01-083-0950

68.78

Tungsten Tantalum Oxide

WTa37O95.487

1.840

01-070-2464

1.91

Tungsten Tantalum Oxide

WTa15O40.5

1.739

01-070-2462

3.01

Tetratungsten 22-tantalum oxide

W4Ta22O67

2.165

01-070-2461

2.31

Ditantalum Tungsten Oxide

Ta2WO8

1.511

01-070-2211

7.03
100.01

Total
TaxWyOz

14.26

The total mixed oxide content detected in the sample decreased from 24.60 % at 725 °C
to only 14.26 % at 775 °C. The decrease in mixed oxide content could be attributed to either a
slight shift in peak position that resulted in the peak being identified as either tantalum oxide or
tungsten oxide, or the mixed oxides could have decomposed back to the original oxide
constituents (Ta2O5 and WO3) due to being less stable at the higher temperature.
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6.2.2. Tantalum-Niobium Oxide System
The tantalum-niobium mixture was sintered at two different temperatures; one sintered
pellet from each temperature was selected at random for XRD analysis using JADE software.
Only one possible tantalum-niobium mixed oxide was available for consideration in both
software programs, but it was not assigned an RIR value in either program. JADE allows the RIR
to be edited so that when determining the quantitative results, the mixed oxide can be assigned a
value. Three RIR values were chosen for the niobium tantalum oxide (Nb4Ta2O15, Equation 11)
ranging from the RIR value of niobium oxide (2.80) to the RIR of tantalum oxide (8.20), and the
median of two values.
Ta2O5 + 2 Nb2O5 = Nb4Ta2O15

Equation 11

The three RIR values were selected to provide a possible range of mixed oxide values
present in the sample. Known RIR values for the tantalum-tungsten oxide system were between
6.69 and 7.63 for the mixed oxides (tungsten oxide has an RIR of 5.66); the tantalum-titanium
mixed oxide’s RIR values were much closer to the RIR of tantalum oxide – 7.94 to 9.56 –
whereas the values for TiO2 ranged from 3.30 to 4.95 depending on the structure.
The results of the quantitative analyses, conducted on the diffractograms of the tantalum
oxide and niobium oxide pellet sintered at 900 °C, are presented in Table XIV (niobium tantalum
oxide assigned an RIR of 2.80), Table XV (niobium tantalum oxide assigned an RIR of 5.50),
and Table XVI (niobium tantalum oxide assigned an RIR of 8.20).
Table XIV: XRD Quantitative Analysis Results (WPF) Obtained from Pellet 30T-70Nb-900-3
(Nb4Ta2O15 RIR = 2.80)
Phase Name

Formula

RIR

DB Card No

Content

Tantalum Oxide

Ta2O5

8.20

01-025-0922

13.6

Niobium Oxide

Nb2O5

2.79

01-071-1169

30.3

Niobium Tantalum Oxide

Nb4Ta2O15

2.80

01-071-4513

56.1
100.0

Total
TaxNbyOz

56.1
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Table XV: XRD Quantitative Analysis Results (WPF) Obtained from Pellet 30T-70Nb-900-3
(Nb4Ta2O15 RIR = 5.50)
Phase Name

Formula

RIR

DB Card No

Content

Tantalum Oxide

Ta2O5

8.20

01-025-0922

25.2

Niobium Oxide

Nb2O5

2.79

01-071-1169

46.8

Niobium Tantalum Oxide

Nb4Ta2O15

5.50

01-071-4513

28.0

Total
TaxNbyOz

100.0

28.0

Table XVI: XRD Quantitative Analysis Results (WPF) Obtained from Pellet 30T-70Nb-900-3
(Nb4Ta2O15 RIR = 8.20)
Phase Name

Formula

RIR

DB Card No

Content

Tantalum Oxide

Ta2O5

8.20

01-025-0922

27.7

Niobium Oxide

Nb2O5

2.79

01-071-1169

51.9

Niobium Tantalum Oxide

Nb4Ta2O15

8.20

01-071-4513

Total
TaxNbyOz

20.4
100.0

20.4

With a lower RIR value, the quantity of niobium tantalum oxide is high at 56.1 % of the
total composition of the sample. A relatively large peak with a small RIR will indicate a larger
quantity of that particular phase; in comparison, a relatively large peak with a large RIR will
result in a smaller quantity of the phase of interest, because the large RIR value indicates that the
peak of the particular phase is naturally higher than that of corundum. The largest RIR indicated
that 20.4 % of the sample consisted of niobium tantalum oxide.
A similar distribution of phases was observed when analyzing a pellet sintered at 950 °C.
Although the overall quantity of niobium tantalum oxide (RIR 2.80) was slightly lower than the
value that was determined at 900 °C, 42.2 % compared to 56.1 %, the RIR values of 5.50 and
8.20 produced similar results for both sintering temperatures. The amount of the mixed oxide
present at 900 °C and 950 °C, for an RIR value of 5.50, was 28.0 % and 26.2 %, respectively.
Similarly, a niobium tantalum oxide RIR of 8.20 resulted in a value of 20.4 % for the 900 °C
sample and 20.8 % for the 950 °C sample.
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Table XVII: XRD Quantitative Analysis Results (WPF) Obtained from Pellet 30T-70Nb-950-9
(Nb4Ta2O15 RIR = 2.80)
Phase Name

Formula

RIR

DB Card No

Content

Tantalum Oxide

Ta2O5

8.20

01-025-0922

21.9

Niobium Oxide

Nb2O5

2.79

01-071-1169

35.8

Niobium Tantalum Oxide

Nb4Ta2O15

2.80

01-071-4513

42.2

Total
TaxNbyOz

99.9

42.2

Table XVIII: XRD Quantitative Analysis Results (WPF) Obtained from Pellet 30T-70Nb-950-9
(Nb4Ta2O15 RIR = 5.50)
Phase Name

Formula

RIR

DB Card No

Content

Tantalum Oxide

Ta2O5

8.20

01-025-0922

29.6

Niobium Oxide

Nb2O5

2.79

01-071-1169

44.0

Niobium Tantalum Oxide

Nb4Ta2O15

5.50

01-071-4513

26.3

Total
TaxNbyOz

99.9

26.3

Table XIX: XRD Quantitative Analysis Results (WPF) Obtained from Pellet 30T-70Nb-950-9
(Nb4Ta2O15 RIR = 8.20)
Phase Name

Formula

RIR

DB Card No

Content

Tantalum Oxide

Ta2O5

8.20

01-025-0922

24.9

Niobium Oxide

Nb2O5

2.79

01-071-1169

54.3

Niobium Tantalum Oxide

Nb4Ta2O15

8.20

01-071-4513

Total
TaxNbyOz

20.8
100.0

20.8

6.2.3. Tantalum-Hafnium Oxide System
The tantalum-hafnium mixture was sintered at two different temperatures; one sintered
pellet from each temperature was selected for XRD analysis using the JADE analysis software.
One mixed oxide phase, hafnium tantalum oxide (Hf6Ta2O17, Equation 12), was provided in the
software database. Analogous to the niobium tantalum mixed oxide, the database did not provide
information on the RIR of the hafnium tantalum oxide. The RIR values selected for the mixed
oxide were 8.00, 8.10, and 8.20, based upon the values for tantalum oxide (8.20) and hafnium
oxide (7.99).
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Ta2O5 + 6 HfO2 = Hf6Ta2O17

Equation 12

The results of the quantitative analyses performed on the scans of the tantalum-hafnium
pellets sintered at both 860 °C and 1050 °C indicated that the mixed oxide – Hf6Ta2O17 – did not
form under the imposed sintering conditions (Table XX - Table XXV). The results showed that
tantalum oxide was present at 13.0 % – 14.4 % and hafnium oxide was present at 85.6 % 87.0 % of the total sample.
Table XX: XRD Quantitative Analysis Results (WPF) Obtained from Pellet 11.6T-88.4Hf-860-3
(Hf6Ta2O17 RIR = 8.00)
Phase Name

Formula

RIR

DB Card No

Content

Tantalum Oxide

Ta2O5

8.20

00-025-0922

13.0

Hafnium Oxide

HfO2

7.99

98-001-7637

87.0

Hafnium Tantalum Oxide

Hf6Ta2O17

8.00

00-044-0998

Total
TaxHfyOz

0.0
100.0

0.0

Table XXI: XRD Quantitative Analysis Results (WPF) Obtained from Pellet 11.6T-88.4Hf-860-3
(Hf6Ta2O17 RIR = 8.10)
Phase Name

Formula

RIR

DB Card No

Content

Tantalum Oxide

Ta2O5

8.20

00-025-0922

13.0

Hafnium Oxide

HfO2

7.99

98-001-7637

87.0

Hafnium Tantalum Oxide

Hf6Ta2O17

8.10

00-044-0998

0.0
100.0

Total
TaxHfyOz

0.0

Table XXII: XRD Quantitative Analysis Results (WPF) Obtained from Pellet 11.6T-88.4Hf-860-3
(Hf6Ta2O17 RIR = 8.20)
Phase Name

Formula

RIR

DB Card No

Content

Tantalum Oxide

Ta2O5

8.20

00-025-0922

13.0

Hafnium Oxide

HfO2

7.99

98-001-7637

87.0

Hafnium Tantalum Oxide

Hf6Ta2O17

8.20

00-044-0998

Total
TaxHfyOz

0.0
100.0

0.0
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Table XXIII: XRD Quantitative Analysis Results (WPF) Obtained from Pellet 11.6T-88.4Hf-1050-7
(Hf6Ta2O17 RIR = 8.00)
Phase Name

Formula

RIR

DB Card No

Content

Tantalum Oxide

Ta2O5

8.20

00-025-0922

14.4

Hafnium Oxide

HfO2

7.99

98-001-7637

85.6

Hafnium Tantalum Oxide

Hf6Ta2O17

8.00

00-044-0998

0.0

Total
TaxHfyOz

100.0

0.0

Table XXIV: XRD Quantitative Analysis Results (WPF) Obtained from Pellet 11.6T-88.4Hf-1050-7
(Hf6Ta2O17 RIR = 8.10)
Phase Name

Formula

RIR

DB Card No

Content

Tantalum Oxide

Ta2O5

8.20

00-025-0922

14.4

Hafnium Oxide

HfO2

7.99

98-001-7637

85.6

Hafnium Tantalum Oxide

Hf6Ta2O17

8.10

00-044-0998

Total
TaxHfyOz

0.0
100.0

0.0

Table XXV: XRD Quantitative Analysis Results (WPF) Obtained from Pellet 11.6T-88.4Hf-1050-7
(Hf6Ta2O17 RIR = 8.20)
Phase Name

Formula

RIR

DB Card No

Content

Tantalum Oxide

Ta2O5

8.20

00-025-0922

14.2

Hafnium Oxide

HfO2

7.99

98-001-7637

85.6

Hafnium Tantalum Oxide

Hf6Ta2O17

8.20

00-044-0998

0.0

Total
TaxHfyOz

100.0

0.0

6.2.4. Tantalum-Titanium Oxide System
The two tantalum-titanium mixtures were each sintered at two different temperatures; one
sintered pellet from each temperature was selected for XRD analysis using PDXL software. The
45 mole percent tantalum oxide pellets were sintered at 825 °C and 1000 °C, and the pellet
samples sintered at these temperatures contained two mixed oxide compounds (TiTaO4 and
Ti0.33Ta0.67O2). The formation of the two mixed oxides is provided in Equation 13 and
Equation 14, respectively.
Ta2O5 + 2 TiO2 = 2 TiTaO4 + ½ O2 (g)

Equation 13
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Ta2O5 + TiO2 = 3 Ti0.33Ta0.67O2 + ½ O2 (g)

Equation 14

The pellet that was sintered at 825 °C was composed of 7.45 % TiTaO4, with 12.02 %
anatase and 36.74 % rutile. The TiTaO4 was split evenly between struverite (synthetic) and
titanium (iii) tantalum oxide, as shown in Table XXVI.
Table XXVI: XRD Quantitative Analysis Results (WPF) Obtained from Pellet 45T-55Ti-825-4
Phase Name

Formula

FOM

DB Card No

Content

Tantite, syn

Ta2O5

0.615

01-089-2843

43.79

Anatase

TiO2

1.098

01-071-1169

12.02

Rutile HP, syn

TiO2

2.333

01-071-4513

36.74

Struverite, syn

TiTaO4

3.664

01-071-0929

3.48

Titanium (III) Tantalum Oxide

TiTaO4

3.165

01-081-0912

3.97
100.0

Total
TaxTiyOz

7.45

When the sintering temperature was increased to 1000 °C, several changes in
composition occurred. The amount of anatase was found to be only 1.20 %, which indicates that
either only very small quantities were present, or it could be completely absent from the sample.
The amount of rutile remained relatively constant (37.11 % of the total sample), and two mixed
oxides were determined to be present in the sample, as shown in Table XXVII. The two mixed
oxides made up 13.44 % of the powder sample, which was an almost six percent increase from
the pellet sintered at a lower temperature.
Table XXVII: XRD Quantitative Analysis Results (WPF) Obtained from Pellet 45T-55Ti-1000-11
Phase Name

Formula

FOM

DB Card No

Content

Tantalum Oxide

Ta2O5

0.704

01-070-9177

48.24

Anatase

TiO2

1.470

01-071-1169

1.20

Rutile HP, syn

TiO2

3.338

01-071-4513

37.11

Titanium Tantalum Oxide

(Ti0.33Ta0.67)O2

1.776

01-085-0103

3.51

Titanium (III) Tantalum Oxide

TiTaO4

3.099

01-081-0912

Total
TaxTiyOz

9.93
99.99

13.44
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The 55 mole percent tantalum oxide pellets were sintered at 625 °C and 900 °C. The
analysis of the lower sintering temperature, indicated the presence of three mixed oxide phases
that made up 9.68 % of the powder sample. Both rutile and anatase were identified as the
titanium dioxide constituents, and were detected in similar quantities, 11.47 % and 12.07 %
respectively.
Table XXVIII: XRD Quantitative Analysis Results (WPF) Obtained from Pellet 55T-45Ti-625-5
Phase Name

Formula

FOM

DB Card No

Content

Tantite, syn

Ta2O5

0.623

01-089-2843

64.79

Anatase, syn

TiO2

0.838

01-084-1285

11.47

Rutile HP, syn

TiO2

3.957

01-071-4513

12.07

Struverite

TiTaO4

2.209

01-071-0929

3.02

Titanium Tantalum Oxide

(Ti0.33Ta0.67)O2

1.567

01-085-0103

2.62

Titanium (III) Tantalum Oxide

TiTaO4

3.073

01-081-0912

6.04
100.01

Total
TaxTiyOz

9.68

The analysis of the composition of the pellets sintered at 900 °C, only identified TiTaO4,
as struverite and titanium (iii) tantalum oxide, comprising 10.0 % of the sample. Unlike the 45
mole percent pellets sintered at 1000 °C, the amount of rutile in the sample decreased (only
3.0 % of the sample) as the sintering temperature increased. The weight percent of tantalum
oxide was noted to be much closer to the actual weight percent of Ta2O5 in the pellets.
Table XXIX: XRD Quantitative Analysis Results (WPF) Obtained from Pellet 55T-45Ti-900-10
Phase Name

Formula

FOM

DB Card No

Content

Tantite, syn

Ta2O5

0.536

01-089-2843

75.60

Anatase, syn

TiO2

1.015

01-084-1285

11.40

Rutile HP, syn

TiO2

4.036

01-071-4513

3.00

Struverite

TiTaO4

3.530

01-071-0929

4.00

Titanium (III) Tantalum Oxide

TiTaO4

1.702

01-081-0912

6.00
100.00

Total
TaxTiyOz

10.00
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6.3.

High Temperature XRD of Reagent Oxide Powders

The high temperature attachment to the XRD involves a small furnace, which is used to
heat the sample contained within a platinum sample tray that allows for any thermal expansion
that may occur. A scintillation counter was used as the detector for these measurements, rather
than the D/tex Ultra detector employed in the scans of the sintered oxide powder. Peak intensity
is typically lower for a scintillation counter, and the gold foil ‘window’ into the furnace also
further decreased peak intensity for the diffractograms. Scan speeds for the two detectors also
differed greatly, scans were completed in 45 minutes for the D/tex Ultra detector, whereas the
scintillation counter collected a diffractogram in 140 minutes.
A heating rate of 10 °C/minute was employed to reach each set temperature; the
temperature controller held at the specified temperature for five minutes, to allow the
temperature of the sample to stabilize, before the scanning of the sample commenced and
remained at the set temperature until the measurement was completed. Some difficulties were
encountered with the communication between the PTC-Evo temperature controller and the
Rigaku Ultima IV, which caused the set temperature to be reached, but the XRD would not begin
the measurement process, resulting in extended hold time at certain temperatures.
6.3.1. Tantalum-Tungsten Oxide System
The tantalum-tungsten system of 11 mole percent tantalum oxide and 89 mole percent
tungsten oxide was analyzed using the high temperature attachment for the XRD. Scans were set
to be collected at 25, 400, 432, 460, 725, 750, and 775 °C. The measurements were collected for
the first six temperatures without an issue, but the furnace heated the sample for an extended
period of time at 775 °C prior to the collection of the diffractogram at this temperature. The
profiles of the scans collected at 25, 400, and 775 °C are shown together in Figure 49, to
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illustrate the peak sharpening that occurred due to the elevated temperature, as well as some
minor shifts in peak position.

Figure 49: Overlay of 11 mole percent Ta2O5 – 89 mole percent WO3 high temperature XRD scans.
(blue = 25 °C; green = 400 °C; red= 775 °C)

The amount of mixed oxides present increased, in general, as temperature of the sample
increased. A 6.25 % increase in the weight of mixed oxides present occurred from 400 °C and
432 °C (18.05 %). Between 432 °C and 725 °C, the amount of mixed oxides that were present in
the sample remained relatively constant, although a slight decrease to 16.85 % mixed oxides was
observed at 460 °C. The final amount of mixed oxide present in the sample was 25.17 % at
775 °C. The composition of the sample at each specified temperature is shown in Table XXX.
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Table XXX: Quantitative Analysis Results (WPF) Obtained from the 11 Mole Percent Ta2O5 – 89 Mole
Percent WO3 High Temperature XRD Scans
°C

25.0

Phase Name

Formula

FOM

DB Card No

Content

Tantite, syn

Ta2O5

1.429

01-089-2843

45.00

Tungsten Oxide

WO3

0.609

01-083-0950

Total
TaxWyOz

55.00
100.00

400.0

Krasnogorite high, syn

WO3

0.450

01-071-0131

49.00

Tantalum Oxide

Ta2O5

0.873

01-070-9177

39.20

Tungsten Tantalum Oxide

WTa37O95.487

2.210

01-070-2464

11.80
100.00

432.0

Krasnogorite high, syn

WO3

0.553

01-071-0131

46.95

Tantalum Oxide

Ta2O5

0.862

01-070-9177

35.00

Tungsten Tantalum Oxide

WTa37O95.487

1.777

01-070-2464

3.09

Tungsten Tantalum Oxide

WTa15O40.5

1.777

01-070-2462

14.96
100.00

460.0

Krasnogorite high, syn

WO3

0.590

01-071-0131

51.05

Tantite, syn

Ta2O5

1.030

01-089-2843

32.10

Tungsten Tantalum Oxide

WTa37O95.487

2.046

01-070-2464

3.89

Tetratungsten 22-tantalum oxide

W4Ta22O67

1.670

01-070-2461

10.97

Ditantalum Tungsten Oxide

Ta2WO8

1.803

01-070-2211

1.99
100.00

725.0

Krasnogorite high, syn

WO3

0.552

01-071-0131

50.75

Tantalum Oxide

Ta2O5

1.082

01-070-9177

31.06

Ditantalum Tungsten Oxide

Ta2WO8

3.498

01-070-2211

1.00

Tungsten Tantalum Oxide

WTa37O95.487

1.467

01-070-2464

11.16

Tetratungsten 22-tantalum oxide

W4Ta22O67

1.933

01-070-2461

6.03
100.00

750.0

beta-W O3

WO3

0.552

01-089-4480

50.05

Tantalum Oxide

Ta2O5

0.987

01-070-9177

29.27

Tetratungsten 22-tantalum oxide

W4Ta22O67

1.592

01-070-2461

6.39

Tantalum Tungsten Oxide

Ta14.8W1.2O40.6

1.455

01-083-0694

1.70

Tungsten Tantalum Oxide

WTa37O95.487

1.602

01-070-2464

2.60

Tungsten Tantalum Oxide

WTa15O40.5

1.717

01-070-2462

9.99
100.00

775.0

Krasnogorite high, syn

WO3

0.525

01-071-0131

46.24

Tantite, syn

Ta2O5

1.096

01-089-2843

28.59

Tungsten Tantalum Oxide

WTa37O95.487

1.795

01-070-2464

7.22

Tetratungsten 22-tantalum oxide

W4Ta22O67

2.031

01-070-2461

1.90

Ditantalum Tungsten Oxide

Ta2WO8

2.201

01-070-2211

16.05
100.00

11.80

18.05

16.85

18.19

20.68

25.17
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6.3.2. Tantalum-Niobium Oxide System
The tantalum-niobium system of 30 mole percent tantalum oxide and 70 mole percent
niobium oxide was analyzed using the high temperature attachment for the XRD. Scans were set
to be collected at 25, 890, 925, and 950 °C. The measurements were collected for the first two
temperatures without an issue, but the furnace heated the sample for an extended period of time
at 925 °C prior to the collection of the diffractogram at this temperature. The profiles of the scans
collected at 25, 890, and 925 °C are shown together in Figure 50 and Figure 51.

Figure 50: Overlay of 30 mole percent Ta2O5 – 70 mole percent Nb2O5 high temperature XRD scans.
(blue = 890 °C; green= 25 °C)

The scans in Figure 50 shows the sharpening of some peaks due to the increase in
temperature, as well as some minor shifts in peak position. Conversely, Figure 51 shows
dramatic peak growth for the 925 °C scan, especially in the 23°- 34° 2-theta range; significant
peaks are observed where almost non-existent peaks, or background noise, was observed for the
scan taken at 890 °C.

75

Figure 51: Overlay of 30 mole percent Ta2O5 – 70 mole percent Nb2O5 high temperature XRD scans.
(blue = 890 °C; red= 925 °C)

Similar to the sintered tantalum oxide and niobium oxide pellets, the high temperature
XRD scans were analyzed using the JADE software program, so that the an RIR value could be
entered into the software to allow for a complete analysis of the powder contents. All iterations
of the analysis indicated that the amount of mixed oxides that formed increased as the
temperature increased from 25 °C to 925 °C. Between 925 °C and 950 °C, the amount of
niobium tantalum oxide that formed seemed to stabilize, which sometimes meant that the relative
percentage of the oxide that was detected decreased.
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Table XXXI: Quantitative Analysis Results (WPF) Obtained from the 30 Mole Percent Ta2O5 – 70 Mole
Percent Nb2O5 High Temperature XRD Scans (Nb4Ta2O15 RIR = 2.80)
°C

25.0

Phase Name

Formula

RIR

PDF No

Content

Tantalum Oxide

Ta2O5

8.20

00-025-0922

60.3

Niobium Oxide

Nb2O5

2.79

00-030-0873

Total
TaxNbyOz

39.7
100.0

890.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

25.4

Niobium Oxide

Nb2O5

2.79

00-030-0873

61.4

Niobium Tantalum Oxide

Nb4Ta2O15

2.80

00-015-0114

13.2
100.0

925.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

31.0

Niobium Oxide

Nb2O5

2.79

00-030-0873

50.7

Niobium Tantalum Oxide

Nb4Ta2O15

2.80

00-015-0114

18.3
100.0

950.0

13.2

Tantalum Oxide

Ta2O5

8.20

00-025-0922

34.7

Niobium Oxide

Nb2O5

2.79

00-030-0873

45.5

Niobium Tantalum Oxide

Nb4Ta2O15

2.80

00-015-0114

19.8
100.0

18.3

19.8

Table XXXII: Quantitative Analysis Results (WPF) Obtained from the 30 Mole Percent Ta2O5 – 70 Mole
Percent Nb2O5 High Temperature XRD Scans (Nb4Ta2O15 RIR = 5.50)
°C

25.0

Phase Name

Formula

RIR

PDF No

Content

Tantalum Oxide

Ta2O5

8.20

00-025-0922

60.3

Niobium Oxide

Nb2O5

2.79

00-030-0873

39.7

Total
TaxNbyOz

100.0

890.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

36.2

Niobium Oxide

Nb2O5

2.79

00-030-0873

55.8

Niobium Tantalum Oxide

Nb4Ta2O15

5.50

00-015-0114

8.0
100.0

Tantalum Oxide
925.0

Ta2O5

8.20

00-025-0922

Niobium Oxide

Nb2O5

2.79

00-030-0873

18.0

Niobium Tantalum Oxide

Nb4Ta2O15

5.50

00-015-0114

39.7

42.3

100.0

950.0

8.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

41.2

Niobium Oxide

Nb2O5

2.79

00-030-0873

24.3

Niobium Tantalum Oxide

Nb4Ta2O15

5.50

00-015-0114

34.4
99.9

39.7

34.4
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Table XXXIII: Quantitative Analysis Results (WPF) Obtained from the 30 Mole Percent Ta2O5 – 70 Mole
Percent Nb2O5 High Temperature XRD Scans (Nb4Ta2O15 RIR = 8.20)
°C

25.0

Phase Name

Formula

RIR

PDF No

Content

Tantalum Oxide

Ta2O5

8.20

00-025-0922

60.3

Niobium Oxide

Nb2O5

2.79

00-030-0873

Total
TaxNbyOz

39.7
100.0

890.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

51.8

Niobium Oxide

Nb2O5

2.79

00-030-0873

42.2

Niobium Tantalum Oxide

Nb4Ta2O15

8.20

00-015-0114

6.0
100.0

925.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

45.3

Niobium Oxide

Nb2O5

2.79

00-030-0873

28.2

Niobium Tantalum Oxide

Nb4Ta2O15

8.20

00-015-0114

26.5
100.0

950.0

6.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

49.8

Niobium Oxide

Nb2O5

2.79

00-030-0873

29.1

Niobium Tantalum Oxide

Nb4Ta2O15

8.20

00-015-0114

21.1
100.0

26.5

21.1

6.3.3. Tantalum-Hafnium Oxide System
The tantalum-hafnium system of 11.6 mole percent tantalum oxide and 88.4 mole percent
hafnium oxide was analyzed using the high temperature attachment for the XRD. Scans were set
to be collected at 25, 865, 905, 1000, 1022 and 1050 °C. An overlay of the 25 °C and 905 °C
scans are shown in Figure 52, and an overlay of the 25 °C and 1022 °C scans are shown in
Figure 53. Both sets of scans once again illustrate the peak sharpening that is expected as the
temperature of the sample is elevated. Peak shifts are fairly pronounced at approximately 54°
2-theta. Unlike the tantalum-niobium system diffractograms, the increase in temperature did not
produce new peaks for the tantalum-hafnium system.
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Figure 52: Overlay of 11.6 mole percent Ta2O5 – 88.4 mole percent HfO2 high temperature XRD scans.
(green = 25 °C; red= 905 °C)

Figure 53: Overlay of 11.6 mole percent Ta2O5 – 88.4 mole percent HfO2 high temperature XRD scans.
(green = 25 °C; pink= 1022 °C)

The diffractograms from the tantalum-hafnium system were analyzed using JADE. The
mixed oxide for the tantalum-hafnium system, Hf6Ta2O17, was evaluated at three different RIR
values (8.00, 8.10, and 8.20); in all three cases, hafnium tantalum oxide was not found within the
sample. Occasionally, the results of the WPF/RIR method analysis would indicate a quantity of
1.4 %, for example, of the mixed oxide was present. The small percentage, coupled with the vast

79
majority of the analyses indicating 0.0 % hafnium tantalum oxide, signifies that it is unlikely
Hf6Ta2O17 forms under the imposed conditions.
Table XXXIV: Quantitative Analysis Results (WPF) Obtained from the 11.6 Mole Percent Ta2O5 - 88.4 Mole
Percent HfO2 High Temperature XRD Scans (Hf6Ta2O17 RIR = 8.00)
°C

25.0

Phase Name

Formula

RIR

PDF No

Content

Tantalum Oxide

Ta2O5

8.20

00-025-0922

24.1

Hafnium Oxide

HfO2

7.99

98-001-7637

Total
TaxHfyOz

75.9
100.0

865.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

29.0

Hafnium Oxide

HfO2

7.99

98-001-7637

70.5

Hafnium Tantalum Oxide

Hf6Ta2O17

8.00

00-044-0998

0.6
100.1

Tantalum Oxide
905.0

Ta2O5

8.20

00-025-0922

30.3

Hafnium Oxide

HfO2

7.99

98-001-7637

68.3

Hafnium Tantalum Oxide

Hf6Ta2O17

8.00

00-044-0998

1.4
100.0

1000.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

32.8

Hafnium Oxide

HfO2

7.99

98-001-7637

67.2

Hafnium Tantalum Oxide

Hf6Ta2O17

8.00

00-044-0998

0.0
100.0

Tantalum Oxide
1022.0

Ta2O5

8.20

00-025-0922

31.9

Hafnium Oxide

HfO2

7.99

98-001-7637

68.0

Hafnium Tantalum Oxide

Hf6Ta2O17

8.00

00-044-0998

0.0
99.9

1050.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

34.2

Hafnium Oxide

HfO2

7.99

98-001-7637

65.8

Hafnium Tantalum Oxide

Hf6Ta2O17

8.00

00-044-0998

0.0
100.0

0.6

1.4

0.0

0.0

0.0
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Table XXXV: Quantitative Analysis Results (WPF) Obtained from the 11.6 Mole Percent Ta2O5 - 88.4 Mole
Percent HfO2 High Temperature XRD Scans (Hf6Ta2O17 RIR = 8.10)
°C

25.0

Phase Name

Formula

RIR

PDF No

Content

Tantalum Oxide

Ta2O5

8.20

00-025-0922

24.1

Hafnium Oxide

HfO2

7.99

98-001-7637

Total
TaxHfyOz

75.9
100.0

865.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

29.4

Hafnium Oxide

HfO2

7.99

98-001-7637

69.8

Hafnium Tantalum Oxide

Hf6Ta2O17

8.10

00-044-0998

0.8
100.0

905.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

29.7

Hafnium Oxide

HfO2

7.99

98-001-7637

70.2

Hafnium Tantalum Oxide

Hf6Ta2O17

8.10

00-044-0998

0.0
99.9

1000.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

30.6

Hafnium Oxide

HfO2

7.99

98-001-7637

67.8

Hafnium Tantalum Oxide

Hf6Ta2O17

8.10

00-044-0998

1.6
100.0

Tantalum Oxide
1022.0

Ta2O5

8.20

Hafnium Oxide

HfO2

Hafnium Tantalum Oxide

Hf6Ta2O17

00-025-0922

34.0

7.99

98-001-7637

66.0

8.10

00-044-0998

0.0
100.0

1050.0

0.8

Tantalum Oxide

Ta2O5

8.20

00-025-0922

34.7

Hafnium Oxide

HfO2

7.99

98-001-7637

65.3

Hafnium Tantalum Oxide

Hf6Ta2O17

8.10

00-044-0998

0.0
100.0

0.0

1.6

0.0

0.0
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Table XXXVI: Quantitative Analysis Results (WPF) Obtained from the 11.6 Mole Percent Ta2O5 - 88.4 Mole
Percent HfO2 High Temperature XRD Scans (Hf6Ta2O17 RIR = 8.20)
°C

25.0

Phase Name

Formula

RIR

PDF No

Content

Tantalum Oxide

Ta2O5

8.20

00-025-0922

24.1

Hafnium Oxide

HfO2

7.99

98-001-7637

Total
TaxHfyOz

75.9
100.0

865.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

29.0

Hafnium Oxide

HfO2

7.99

98-001-7637

69.8

Hafnium Tantalum Oxide

Hf6Ta2O17

8.20

00-044-0998

1.2
100.0

905.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

40.8

Hafnium Oxide

HfO2

7.99

98-001-7637

57.8

Hafnium Tantalum Oxide

Hf6Ta2O17

8.20

00-044-0998

1.4
100.0

1000.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

34.9

Hafnium Oxide

HfO2

7.99

98-001-7637

65.1

Hafnium Tantalum Oxide

Hf6Ta2O17

8.20

00-044-0998

0.0
100.0

Tantalum Oxide
1022.0

Ta2O5

8.20

Hafnium Oxide

HfO2

Hafnium Tantalum Oxide

Hf6Ta2O17

00-025-0922

32.2

7.99

98-001-7637

66.5

8.20

00-044-0998

1.3
100.0

1050.0

1.2

Tantalum Oxide

Ta2O5

8.20

00-025-0922

33.1

Hafnium Oxide

HfO2

7.99

98-001-7637

66.9

Hafnium Tantalum Oxide

Hf6Ta2O17

8.20

00-044-0998

0.0
100.0

1.4

0.0

1.3

0.0

To gain further information on the tantalum-hafnium system, the 21.6 mole
percent tantalum oxide and 78.4 mole percent hafnium oxide powder composition was
investigated, due to the slight differences observed in the overlay of the three DSC scans (11.6
mole percent, 16.6 mole percent, and 21.6 mole percent tantalum oxide – hafnium oxide). The
quantitative analysis results of the high temperature scans shown in Table XXXVII – Table
XXXIX, further establishes that Hf6Ta2O17 does not form under the imposed conditions.
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Table XXXVII: Quantitative Analysis Results (WPF) Obtained from the 21.6 Mole Percent Ta2O5 - 78.4 Mole
Percent HfO2 High Temperature XRD Scans (Hf6Ta2O17 RIR = 8.00)
°C

25.0

Phase Name

Formula

RIR

PDF No

Content

Tantalum Oxide

Ta2O5

8.20

00-025-0922

46.3

Hafnium Oxide

HfO2

7.99

98-001-7637

Total
TaxHfyOz

53.7
100.0

890.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

50.3

Hafnium Oxide

HfO2

7.99

98-001-7637

49.7

Hafnium Tantalum Oxide

Hf6Ta2O17

8.00

00-044-0998

0.0
100.0

930.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

60.7

Hafnium Oxide

HfO2

7.99

98-001-7637

39.3

Hafnium Tantalum Oxide

Hf6Ta2O17

8.00

00-044-0998

0.0
100.0

1000.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

52.0

Hafnium Oxide

HfO2

7.99

98-001-7637

48.00

Hafnium Tantalum Oxide

Hf6Ta2O17

8.00

00-044-0998

0.0
100.0

Tantalum Oxide
1025.0

Ta2O5

8.20

Hafnium Oxide

HfO2

Hafnium Tantalum Oxide

Hf6Ta2O17

00-025-0922

52.2

7.99

98-001-7637

47.8

8.00

00-044-0998

0.0
100.0

1070.0

0.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

53.8

Hafnium Oxide

HfO2

7.99

98-001-7637

46.2

Hafnium Tantalum Oxide

Hf6Ta2O17

8.00

00-044-0998

0.0
100.0

0.0

0.0

0.0

0.0
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Table XXXVIII: Quantitative Analysis Results (WPF) Obtained from the 21.6 Mole Percent Ta2O5 - 78.4
Mole Percent HfO2 High Temperature XRD Scans (Hf6Ta2O17 RIR = 8.10)
°C

25.0

Phase Name

Formula

RIR

PDF No

Content

Tantalum Oxide

Ta2O5

8.20

00-025-0922

46.3

Hafnium Oxide

HfO2

7.99

98-001-7637

Total
TaxHfyOz

53.7
100.0

890.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

52.3

Hafnium Oxide

HfO2

7.99

98-001-7637

47.7

Hafnium Tantalum Oxide

Hf6Ta2O17

8.10

00-044-0998

0.0
100.0

930.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

51.7

Hafnium Oxide

HfO2

7.99

98-001-7637

48.3

Hafnium Tantalum Oxide

Hf6Ta2O17

8.10

00-044-0998

Tantalum Oxide

Ta2O5

8.20

00-025-0922

51.9

Hafnium Oxide

HfO2

7.99

98-001-7637

48.1

Hafnium Tantalum Oxide

Hf6Ta2O17

8.10

00-044-0998

0.0
100.0

Tantalum Oxide
1025.0

Ta2O5

8.20

Hafnium Oxide

HfO2

Hafnium Tantalum Oxide

Hf6Ta2O17

00-025-0922

52.8

7.99

98-001-7637

47.2

8.10

00-044-0998

0.0
100.0

1070.0

0.0

0.0
100.0

1000.0

1

Tantalum Oxide

Ta2O5

8.20

00-025-0922

52.5

Hafnium Oxide

HfO2

7.99

98-001-7637

47.5

Hafnium Tantalum Oxide

Hf6Ta2O17

8.10

00-044-0998

0.0
100.0

0.0

0.0

0.0

0.0
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Table XXXIX: Quantitative Analysis Results (WPF) Obtained from the 21.6 Mole Percent Ta2O5 - 78.4 Mole
Percent HfO2 High Temperature XRD Scans (Hf6Ta2O17 RIR = 8.20)
°C

25.0

Phase Name

Formula

RIR

PDF No

Content

Tantalum Oxide

Ta2O5

8.20

00-025-0922

46.3

Hafnium Oxide

HfO2

7.99

98-001-7637

Total
TaxHfyOz

53.7
100.0

890.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

51.9

Hafnium Oxide

HfO2

7.99

98-001-7637

48.1

Hafnium Tantalum Oxide

Hf6Ta2O17

8.20

00-044-0998

0.0
100.0

930.0

Tantalum Oxide

Ta2O5

8.20

00-025-0922

50.7

Hafnium Oxide

HfO2

7.99

98-001-7637

49.3

Hafnium Tantalum Oxide

Hf6Ta2O17

8.20

00-044-0998

Tantalum Oxide

Ta2O5

8.20

00-025-0922

53.7

Hafnium Oxide

HfO2

7.99

98-001-7637

46.3

Hafnium Tantalum Oxide

Hf6Ta2O17

8.20

00-044-0998

0.0
100.0

Tantalum Oxide
1025.0

Ta2O5

8.20

Hafnium Oxide

HfO2

Hafnium Tantalum Oxide

Hf6Ta2O17

00-025-0922

50.8

7.99

98-001-7637

49.2

8.20

00-044-0998

0.0
100.0

1070.0

0.0

0.0
100.0

1000.0

1

Tantalum Oxide

Ta2O5

8.20

00-025-0922

52.1

Hafnium Oxide

HfO2

7.99

98-001-7637

47.9

Hafnium Tantalum Oxide

Hf6Ta2O17

8.20

00-044-0998

0.0
100.0

0.0

0.0

0.0

0.0

6.3.4. Tantalum-Titanium Oxide System
The tantalum-titanium system of 45 mole percent tantalum oxide and 55 mole percent
titanium oxide was analyzed using the high temperature attachment for the XRD. Scans were set
to be collected at 30, 825, 930, 960, and 1000 °C. Diffractogram overlays are shown in
Figure 54 and Figure 55, depicting the 30 °C scan versus the 1000 °C scan and the 825°C scan
versus the 1000 °C scan, respectively. Only a very slight shift in peak placement is observed in
Figure 54, and both figures show peak sharpening.
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Figure 54: Overlay of 45 mole percent Ta2O5 – 55 mole percent TiO2 high temperature XRD scans.
(blue = 30 °C; red= 1000 °C)

Figure 55: Overlay of 45 mole percent Ta2O5 – 55 mole percent TiO2 high temperature XRD scans.
(green = 825 °C; red= 1000 °C)

The quantitative analysis performed on the five diffractograms indicates a large increase
in the formation of mixed oxides as the temperature of the sample is increased from 825 °C to
930 °C (only 6.07 % mixed oxide versus 30.98 % mixed oxide). The high percentage of mixed
oxide present was maintained through 960 °C, but the increase of temperature to 1000 °C caused
a slight decrease resulting in the sample containing 21.30 % mixed oxide.
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Table XL: Quantitative Analysis Results (WPF) Obtained from the 45 Mole Percent Ta2O5 – 55 Mole Percent
TiO2 High Temperature XRD Scans
°C

30.0

Phase Name

Formula

FOM

DB Card No

Content

Tantalum Oxide

Ta2O5

0.670

01-070-9177

78.58

Anatase

TiO2

0.913

01-071-1167

14.41

Rutile HP, syn

TiO2

1.969

01-071-4513

7.01

Total
TaxTiyOz

100.00

825.0

Tantalum Oxide

Ta2O5

0.572

01-070-9177

52.74

Anatase

TiO2

0.733

01-071-1167

7.36

Rutile HP, syn

TiO2

2.344

01-071-4513

33.83

Struverite, syn

TiTaO4

3.072

01-071-0929

1.00

Titanium (III) Tantalum Oxide

TiTaO4

2.025

01-081-0912

3.48

Titanium Tantalum Oxide

(Ti0.33Ta0.67)O2

3.142

01-085-0103

1.59
100.00

930.0

Tantalum Oxide

Ta2O5

0.580

01-070-9177

49.54

Anatase

TiO2

0.743

01-071-1167

9.49

Rutile HP, syn

TiO2

2.199

01-071-4513

9.99

Struverite, syn

TiTaO4

2.251

01-071-0929

21.98

Titanium (III) Tantalum Oxide

TiTaO4

3.195

01-081-0912

4.00

Titanium Tantalum Oxide

(Ti0.33Ta0.67)O2

2.553

01-085-0103

5.00
100.00

960.0

Tantalum Oxide

Ta2O5

0.558

01-070-9177

59.46

Anatase

TiO2

0.723

01-071-1167

10.51

Rutile HP, syn

TiO2

3.261

01-071-4513

1.00

Struverite, syn

TiTaO4

2.341

01-071-0929

20.02

Titanium (III) Tantalum Oxide

TiTaO4

3.740

01-081-0912

6.01

Titanium Tantalum Oxide

(Ti0.33Ta0.67)O2

3.038

01-085-0103

3.00
100.00

1000.0

6.07

Tantalum Oxide

Ta2O5

0.557

01-070-9177

55.40

Anatase

TiO2

0.577

01-071-1167

11.30

Rutile HP, syn

TiO2

1.914

01-071-4513

12.00

Struverite, syn

TiTaO4

2.410

01-071-0929

16.00

Titanium (III) Tantalum Oxide

TiTaO4

3.764

01-081-0912

30.98

29.03

5.30
100.00

21.30

The 55 mole percent tantalum oxide – 45 mole percent titanium oxide system, was
similarly examined using high temperature XRD. Scans were set to be collected at 25, 625, 775,
900, 928, 983, and 1000 °C. Diffractogram overlays are shown in Figure 56 and Figure 57,
depicting the 25 °C scan versus the 1000 °C scan and the 625°C scan versus the 1000 °C scan,
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respectively. Only a very slight shift in peak placement is observed in Figure 54, and both figures
show peak sharpening.

Figure 56: Overlay of 55 mole percent Ta2O5 – 45 mole percent TiO2 high temperature XRD scans.
(green = 25 °C; blue= 1000 °C)

Figure 57: Overlay of 55 mole percent Ta2O5 – 45 mole percent TiO2 high temperature XRD scans.
(red = 625 °C; blue= 1000 °C)

The quantitative analysis performed on the seven diffractograms showed a large increase
in the formation of mixed oxides as the temperature of the sample was increased from 625 °C to
775 °C (a 21.06 % increase). All other scans at higher temperatures were observed to form lesser
amounts of tantalum titanium mixed oxides (Table XLI).
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Table XLI: Quantitative Analysis Results (WPF) Obtained from the 55 Mole Percent Ta2O5 – 45 Mole
Percent TiO2 High Temperature XRD Scans
°C

25.0

Phase Name

Formula

FOM

DB Card No

Content

Tantalum Oxide

Ta2O5

0.520

01-070-9177

69.03

Anatase, syn

TiO2

0.936

01-021-1272

18.98

Rutile HP, syn

TiO2

2.518

01-071-4513

11.99

Total
TaxWyOz

100.00

625.0

Tantalum Oxide

Ta2O5

0.462

01-070-9177

44.98

Anatase

TiO2

0.695

01-071-1168

6.83

Rutile HP, syn

TiO2

1.809

01-071-4513

38.15

Struverite, syn

TiTaO4

1.626

01-071-0929

6.02

Titanium Tantalum Oxide

(Ti0.33Ta0.67)O2

2.785

01-085-0103

4.02
100.00

775.0

Tantalum Oxide

Ta2O5

0.457

01-070-9177

53.95

Anatase

TiO2

0.890

01-071-1167

5.92

Rutile HP, syn

TiO2

1.804

01-071-4513

9.03

Struverite, syn

TiTaO4

2.379

01-071-0929

19.06

Titanium (III) Tantalum Oxide

TiTaO4

2.200

01-081-0912

12.04
100.00

900.0

Tantalum Oxide

Ta2O5

0.587

01-070-9177

74.05

Anatase

TiO2

0.715

01-071-1167

8.92

Rutile HP, syn

TiO2

1.835

01-071-4513

11.02

Titanium (III) Tantalum Oxide

TiTaO4

1.571

01-081-0912

6.01
100.00

928.0

Tantalum Oxide

Ta2O5

0.517

01-070-9177

72.94

Anatase

TiO2

0.698

01-071-1167

5.81

Rutile HP, syn

TiO2

2.117

01-071-4513

8.02

Struverite, syn

TiTaO4

3.623

01-071-0929

9.22

Titanium Tantalum Oxide

(Ti0.33Ta0.67)O2

2.608

01-085-0103

4.01
100.00

983.0

Tantalum Oxide

Ta2O5

0.539

01-070-9177

51.60

Anatase

TiO2

0.911

01-071-1167

5.49

Rutile HP, syn

TiO2

2.302

01-071-4513

34.93

Struverite, syn

TiTaO4

3.360

01-071-0929

7.98
100.00

1000.0

Tantalum Oxide

Ta2O5

0.603

01-070-9177

52.58

Anatase

TiO2

1.091

01-071-1167

5.75

Rutile HP, syn

TiO2

3.303

01-071-4513

33.73

Titanium (III) Tantalum Oxide

TiTaO4

3.821

01-081-0912

6.94

Titanium Tantalum Oxide

(Ti0.33Ta0.67)O2

3.840

01-085-0103

1.00
100.00

10.04

31.10

6.01

13.23

7.98

7.94
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6.4.

Analysis of Characterization Data

Analysis of the tantalum oxide and tungsten oxide system indicated that the minimum
temperature for sintering pellets of 11 mole percent tantalum oxide and 89 mole percent tungsten
oxide is 775 °C. Scanning electron microscopy images allowed for a visual interpretation of the
degree of sintering obtained at the set temperatures. The sample that was sintered at 775 °C
exhibited signs of necking (the joining of adjacent particle surface area) and densification. The
reactions between particles were examined using quantitative analysis of XRD scans taken at
elevated temperatures; the formation of mixed oxide systems was found to increase as the
temperature of the sample increased to 775 °C, where 25.17 % of the sample was determined to
be tantalum-tungsten mixed oxides. XRD analysis of the sintered pellets determined that the
mixed oxides formed, although at a lower percentage than the results of the high temperature
XRD analysis, but when grinding sintered pellets for analysis, the pellet that had been sintered at
775 °C was the most difficult to resize to a free-flowing powder (indicating that these pellets
were cohesive and well sintered).
The tantalum oxide and niobium oxide system was analyzed by sintering pellets
containing 30 mole percent tantalum oxide and 70 mole percent niobium oxide at 900 °C and
950 °C. Sintering was successful at both temperatures, but the higher temperature was found to
have more bonding between particles and reduced porosity. Visual analysis via SEM provided a
qualitative measure of the degree of sintering that was obtained for the sintered pellets. High
temperature XRD was performed on a powder prepared with 30 mole percent Ta2O5 and 70 mole
percent Nb2O5. Each scan was evaluated three different times to determine the percentage of
mixed oxide present, by changing the RIR value for the mixed oxide. The percentages of the
mixed oxide ranged from 6.0 – 13.2 % mixed oxide at 890 °C to 19.8 – 34.4 % mixed oxide at
950 °C. Similar results were recorded for the XRD scans of the sintered pellets. Sintering at
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900 °C resulted in a range of 20.4 – 56.1 % mixed oxide, and sintering at 950 °C resulted in a
range of 20.8 – 42.2 % mixed oxide content. When grinding up the sintered pellets in preparation
for the XRD analysis, both pellets were difficult to break down into a fine powder, even though
the integrity of the pellets was already compromised due to cracking. Based upon the analysis of
the tantalum-niobium system data, the ideal minimum sintering temperature for tantalum oxideniobium oxide is 950 °C.
The tantalum oxide and hafnium oxide system was primarily analyzed with 11.6 mole
percent tantalum oxide and 88.4 mole percent hafnium oxide. The results of the characterization
of 11.6 mole percent tantalum oxide composition reveal that tantalum oxide and hafnium oxide
should be sintered together at a temperature greater than 1050 °C. SEM images of the prepared
pellets sintered at 860 °C and 1050 °C, both show very little sintering occurring on the surface of
the pellet, and the particle size is very small and granular, with no obvious necking or bonding
occurring. XRD scans of both the sintered pellets and the scans taken at elevated temperatures do
not show the formation of the mixed oxide, Hf6Ta2O17, and an additional high temperature scan
performed on a different powder sample (21.6 mole percent tantalum oxide and 78.4 mole
percent hafnium oxide) produced similar results. Higher sintering temperatures may be required
to form mixed oxides in the tantalum oxide – hafnium oxide system, but there is also a
possibility that a small amount of one or more meta-stable phases formed, but lacked the stability
required to retain the phases as the pellets cooled.
The tantalum-titanium system was investigated through two different ratios: the
45 mole percent tantalum oxide and 55 mole percent titanium oxide, and the 55 mole percent
tantalum oxide and 45 mole percent titanium oxide. Based upon the analysis of both of these
compositions, the 45 mole percent tantalum oxide and 55 mole percent titanium composition
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sintered at 1000 °C provides the best sintering results. The semi-quantitative analysis of the
pellet sintered at 1000 °C was found to contain 13.44 % titanium tantalum mixed oxides, which
was the highest percentage recorded for the tantalum and titanium pellets. The high temperature
XRD scans provided similar results; the 45 mole percent tantalum oxide composition resulted in
21.30 % total mixed oxide content, while the 55 mole percent tantalum oxide composition
resulted in 7.94 % total mixed oxide content. The SEM images of the tantalum and titanium
pellets representing all four sintering temperatures also revealed that pellets sintered at 1000 °C
exhibited more necking and an overall larger particle size than any of the pellets sintered at
625 °C, 825°C, or 900 °C. The pellets sintered at temperatures lower than 1000 °C all showed
similar particle morphologies. Additionally, when grinding a pellet from each of the four
sintering temperatures for XRD analysis, the pellet sintered at 1000 °C was the most difficult to
resize and was similar in hardness to the tantalum-niobium system pellets.
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7. Summary and Conclusions
Tantalum oxide was successfully reduced to tantalum metal, with a reduction efficiency
of 99.3 %, regardless of the pellet sintering atmosphere. The reduction efficiency was also
measured by the residual oxygen content; the reduction of the air sintered pellet resulted in
1200 ppm of residual oxygen, while the hydrogen sintered pellet resulted in 1300 ppm of
residual oxygen. The evaluation of residual oxygen may not be entirely accurate, due to the
tendency of tantalum to readily form a surface oxide layer, so it is possible that the actual oxygen
remaining after the reduction procedure was even lower.
Preliminary differential thermal analysis of the four binary oxide systems was conducted
with 50-50 by mass (metal basis) samples. The mixtures containing tungsten, niobium, and
titanium all showed thermal events in the form of either endothermic or exothermic inflections,
whereas the hafnium mixture did not illustrate an obvious inflection. Further DTA scans were
executed to determine whether lower temperature or more significant inflections were possible
for each system that already indicated a change in heat flow relating to the heat of mixing of the
two solids in each sample, as well as to determine whether a ratio of tantalum oxide to hafnium
oxide would indicate the formation of an intermediate mixed oxide. To formulate varying ratios
of these binary oxides, phase diagrams for each of the four oxide systems were consulted.
The phase diagrams of the binary oxides depicted the formation of intermediate
compounds; the oxide ratios for further differential thermal analysis were selected to correspond
to the mole ratios of the phase boundaries where a mixed oxide was observed to form. All binary
oxide systems were chosen using molar ratios from the phase diagrams, with the exception of the
tantalum-tungsten system, which was selected due to the arbitrary analysis of a 20-80 mass
percent (metal basis) tantalum oxide-tungsten oxide sample. A temperature before and after a
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designated thermal event was chosen to discern changes in sintering behavior as the mixed oxide
or oxides of interest formed.
The tantalum-tungsten pellets were prepared with 11 mole percent tantalum oxide and 89
mole percent tungsten oxide; these pellets were sintered at 400 °C and 460 °C to bracket one
endothermic event on the DTA scan, and 725 °C and 775 °C to bracket a second endothermic
event. The SEM results depicted a defined progression of solid state sintering; the visual analysis
of the pellets that were sintered at 775 °C indicated they were highly agglomerated, and the
surface porosity was greatly decreased when compared to the pellets sintered at lower
temperatures. XRD results further corroborated the success of the pellets sintered at 775 °C; the
XRD analysis of the sintered pellets showed the formation of mixed oxides that totaled 14.26 %
of the total sample. Additionally, high temperature XRD measurements indicated that 25.17 % of
the sample was composed of several tantalum-tungsten mixed oxides; the mixed oxide with the
highest percentage was Ta2WO8, which was one of the phases observed in the tantalum-tungsten
phase diagram. The large values of mixed oxide present, combined with the visual evidence
provided by the SEM images, indicates that a sintering temperature of 775 °C is more than
sufficient to effectively sinter the 11 mole percent tantalum oxide and 89 mole percent tungsten
oxide system.
The tantalum-niobium pellets were prepared with 30 mole percent tantalum oxide and 70
mole percent niobium oxide and were sintered at 900 °C and 950 °C to bracket an endothermic
inflection on the DTA scan. The SEM results indicated that both temperatures sintered extremely
well, with clear necking and growth of the particles. The pellet sintered at 950 °C was found to
have slightly less surface porosity than 900 °C pellet. The XRD results serve to further validate
the degree of sintering obtained for the tantalum and niobium oxide pellets; the sintered pellets
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were determined to contain a minimum of 20.4 % (at 900 °C) and 20.8 % (at 950 °C) of the
mixed oxide Nb4Ta2O15, which was depicted in the phase diagram as one of the possible solid
solutions of niobium and tantalum oxides. High temperature XRD measurements were also
performed; the results did vary slightly, but the lowest measured values ranged from 6.0 %
mixed oxide (at 890 °C) to 19.8 % mixed oxide (at 950 °C). Even at the lowest possible values,
the amount of niobium tantalum oxide that was formed is extremely significant. Of all four oxide
systems, the tantalum oxide and niobium oxide system most closely followed the guidelines for
the formation of a substitutional solid solution as outlined by Hume-Rothery. The Hume-Rothery
rules relate the similarity between select properties – atomic radius, crystal structure, valence,
and electronegativity – to the likelihood of two given metals forming a solid solution. In the case
of niobium and tantalum, both metals have the same atomic radius (146 pm), the same valence
state in their oxide forms (5), similar electronegativities (Nb = 1.6, Ta = 1.5), and form the same
oxide crystal structure (orthorhombic). Provided this information, the tantalum and niobium
system would sinter well at various molar ratios, and the recommended sintering temperature of
the 30 mole percent tantalum oxide – 70 mole percent niobium oxide system is 950 °C.
The tantalum-hafnium system was analyzed by preparing pellets of 11.6 mole percent
tantalum oxide and 88.4 mole percent hafnium oxide, which were then sintered at 860 °C and
1050 °C to bracket the exothermic inflection observed on the DTA scan. The SEM results were
not as indicative of successful sintering as the previous systems; the pellet sintered at 1050 °C
did not show high levels of agglomeration, and the particle size was also distinctly smaller than
in any of the other sintered pellets. The XRD scans both of the sintered pellets and at high
temperatures were evaluated to determine whether Hf6Ta2O17 (depicted as the dashed line on the
phase diagram) formed. The sintered pellets did occasionally indicate the formation of a small
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percentage, 0.6 – 1.6 %, of hafnium tantalum oxide forming, but at lower temperatures than
1050 °C. The evaluation of the XRD patterns collected at elevated temperatures all resulted in a
value of 0.0 % mixed oxide in the sample; the small percentage that is observed in the sintered
pellets may be the result of additional contact between the powder particles as a result of the
pressing operation. The lesser degree of sintering could be related to the melting point of
hafnium oxide, which is almost 900 – 1200 °C higher than the melting point of other refractory
metal oxides analyzed and tantalum oxide. Given the high melting point, a sintering temperature
for tantalum oxide and hafnium oxide should be higher than 1100 °C but may need to be as high
as 1300 – 1400 °C to obtain a similar degree of sintering as the other binary mixtures. The
melting points of the refractory metal oxides are provided in Table XLII.
Table XLII: Melting Temperatures of Refractory Metal Oxides
Oxide
Melting Point (°C)
Tantalum Oxide

1872

Tungsten Oxide

1473

Niobium Oxide

1512

Hafnium Oxide

2758

Titanium Oxide

1843

The tantalum-titanium systems were analyzed with two different molar ratios of the two
oxides, because the DTA scans did not have exothermic inflections at the same temperatures.
The 45 mole percent tantalum oxide and 55 mole percent titanium oxide was sintered at 825 °C
and 1000 °C to bracket the large exothermic inflection observed on the DTA scan. The SEM
images of the sintered pellets illustrated increased necking and particle growth at 1000 °C versus
the lower sintering temperature, which appeared slightly more granular. The XRD results of the
sintered pellets determined that two mixed oxides of tantalum and titanium oxide formed, and
the amount of mixed oxide that formed increased with increased sintering temperature. The
pellet sintered at 825 °C resulted in a total of 7.45 % mixed oxide, whereas the pellet sintered at
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1000 °C produced 13.44 % mixed oxide. The same molar ratio was analyzed with the high
temperature XRD attachment, and the total mixed oxide that formed at 1000 °C was calculated to
be 21.30 %, although the measurements taken at 930 °C and 960 °C resulted in the formation of
approximately 30 % mixed oxide.
The tantalum-titanium system was also evaluated using the mixture containing 55 mole
percent tantalum oxide and 45 mole percent titanium oxide. The SEM images of these pellets,
which were sintered at 625 °C and 900 °C to bracket an exothermic inflection, were noticeably
less agglomerated than the previous tantalum-titanium system sintered at 1000 °C. The XRD
results also indicated that while a significant amount of mixed oxides formed (9.68 % at 625 °C
and 10.00 % at 900 °C), the total mixed oxide content was slightly less than what was observed
for the 45 mole percent tantalum oxide pellets. High temperature XRD measurements
determined that 7.94 % of the sample contained tantalum titanium mixed oxides at 1000 °C, and
a total mixed oxide content of 13.23 % was observed at 928 °C. The results of the XRD scans
illustrate that a slightly higher sintering temperature could aid in the formation of these mixed
oxides and thereby aid in the sintering process.
Characterization of the sintered pellets, as well as powder prepared in the same specific
molar ratios was key to fully evaluating the binary oxide systems, and thereby provided a means
of selecting a minimum, yet efficient, sintering temperature for the refractory metal oxide binary
systems. The sintering temperatures and molar compositions are provided in Table XLIII.
Table XLIII: Minimum Sintering Temperatures for Binary Refractory Oxide Systems
System
Temperature (°C)
11 mol% Ta2O5 – 89 mol% WO3

775

30 mol% Ta2O5 – 70 mol% Nb2O5

950

11.6mol% Ta2O5 – 88.4 mol% HfO2

> 1100 **

45 mol% Ta2O5 – 55 mol% TiO2

1000

55 mol% Ta2O5 – 45 mol% TiO2

930
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The sintering atmosphere of the pellets that were prepared was never altered, and sintering was
only conducted in air, which is the most rudimentary sintering atmosphere. If the sintering
atmosphere was altered to argon-hydrogen, or carbon dioxide, the sintering of all binary
refractory metal oxide systems could be improved. The sintering of the selected binary systems
in air was highly successful, as well as sufficient for the purpose of future electrochemical
reduction experiments.
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8. Recommendations for Future Investigations
Additional studies of the tantalum oxide and hafnium oxide system is highly
recommended, considering the system has been researched the least and the data produced
throughout the course of the experimentation process, while valuable, does not elucidate the
behavior of the hafnium oxide when combined with tantalum oxide. Temperatures greater than
1100 °C or a reducing sintering atmosphere may be required to provide the impetus for
successfully sintering the tantalum oxide and hafnium oxide system.
Further experimentation should focus on the effects that different atmospheres have on
the degree of sintering for the refractory metal oxide binary systems. Although some porosity is
desirable to allow the molten salt easier transport through the precursor to achieve efficient
electrochemical reduction, experiments may also be performed to determine the effects that
porosity may have on the reduction efficiency.

99

9. Bibliography

[1] D. Rowe, "Refractory Metals," Heat Treating Progress, pp. 56-60, 2003.
[2] D. R. Lide (Editor) and F. Macdonald (Publisher), Handbook of Chemistry and Physics
90th Edition, Boca Raton, FL: CRC Press, 2009-2010.
[3] R. Callaghan, "USGS Minerals Information: Niobium (Columbium) and Tantalum
Statistics and Information," May 2016. [Online]. Available:
http://minerals.usgs.gov/minerals/pubs/commodity/niobium/index.html. [Accessed 2017].
[4] D. E. Polyak, "US Geological Survey, Mineral Commodity Summary - Tantalum," January
2018. [Online]. Available:
https://minerals.usgs.gov/minerals/pubs/commodity/niobium/mcs-2018-tanta.pdf.
[Accessed 2018].
[5] W. Kock and P. Paschen, "Tantalum - processing, properties, and applications," Journal of
the Minerals, Metals, and Materials Society, vol. 41, no. 10, pp. 33-39, 1989.
[6] "Periodic Table of Elements: Los Alamos National Laboratory - Tantalum," LANL Chemistry Division, 2016. [Online]. Available: http://periodic.lanl.gov/73.shtml. [Accessed
2018].
[7] K. B. Shedd, "US Geological Survey Mineral Commodities Summaries," January 2018.
[Online]. Available: https://minerals.usgs.gov/minerals/pubs/commodity/tungsten/mcs2018-tungs.pdf. [Accessed 2018].

100
[8] "Periodic Table of Elements: Los Alamos National Laboratory - Tungsten," LANL Chemistry Division, 2016. [Online]. Available: http://periodic/lanl.gov/74.shtml.
[Accessed 2018].
[9] N. S. Materials, "Elk Creek, Nebraska Niobium Project," NioCorp, 2018. [Online].
Available: http://niocorp.com/index.php/elkcreekniobium. [Accessed 2018].
[10] D. E. Polyak, "US Geological Society Mineral Commoditiy Summaries - Niobium,"
January 2018. [Online]. Available:
https://minerals.usgs.gov/minerals/pubs/commodity/niobium/mcs-2018-niobi.pdf.
[Accessed 2018].
[11] "Periodic Table of Elements: Los Alamos National Laboratory - Niobium," LANL Chemistry Division, 2016. [Online]. Available: http://periodic/lanl.gov/41.shtml.
[Accessed 2018].
[12] G. M. Bedinger, "US Geological Survey Mineral Commodity Summaries - Hafnium,"
January 2018. [Online]. Available:
https://minerals.usgs.gov/minerals/pubs/commodity/zirconium/mcs-2018-zirco.pdf.
[Accessed 2018].
[13] "Periodic Table of Elements: Los Alamos National Laboratory - Hafnium," LANL Chemistry Division, 2016. [Online]. Available: http://periodic.lanl.gov/72.shtml. [Accessed
2018].
[14] G. M. Bedinger, "US Geological Soceity Mineral Commodity Summaries - Titanium,"
January 2018. [Online]. Available:

101
https://minerals.usgs.gov/minerals/pubs/commodity/titanium/mcs-2018-titan.pdf.
[Accessed 2018].
[15] "Periodic Table of Elements: Los Alamos National Laboratory - Titanium," LANLChemistry Division, 2016. [Online]. Available: http://periodic.lanl.gov/22.shtml. [Accessed
2018].
[16] S. M. Jeong, J. Y. Jung, C. S. Seo and S. W. Park, "Characteristics of an electrochemical
reduction of Ta2O5 for the preparation of metallic tantalum in a LiCl-Li2O molten salt,"
Journal of Alloys and Compounds, vol. 440, pp. 210-215, 2007.
[17] C. Chen, X. Yang, J. Li, X. Lu and S. Yang, "Direct electrolytic reduction of solid Ta2O5
to Ta with SOM process," Metallurgical and Materials Transactions B, vol. 47B, pp. 17271735, 2016.
[18] R. Barnett, K. T. Kilby and D. J. Fray, "Reduction of tantalum pentoxide using graphite
and tin oxide based anodes via the FFC-Cambridge process," Metallurgical and Materials
Transactions B, vol. 40B, pp. 150-157, 2009.
[19] Q. Xu, C. Schwandt and D. J. Fray, "Preparation of Ta-Nb alloy powder by electrodeoxidation of Ta2O5/Nb2O5 mixture in a CaCl2-NaCl eutectic melt," Advanced
Materials Research, Vols. 160-162, pp. 1131-1135, 2011.
[20] T. Wu, X. Jin, W. Xiao, X. Hu, D. Wang and G. Z. Chen, "Thin pellets: Fast
electrochemical preparation of capacitor tantalum powders," Chemistry of Materials, vol.
19, pp. 153-160, 2007.
[21] R. P. Barnett and D. J. Fray, "Electro-deoxidation of Ta2O5 in calcium chloride-calcium
oxide melts," Journal of Material Science, vol. 49, pp. 4148-4160, 2014.

102
[22] R. O. Suzuki, M. Baba, Y. Ono and K. Yamamoto, "Formation of brocolli-like morphology
of tantalum powder," Journal of Alloys and Compounds, vol. 389, pp. 310-316, 2005.
[23] R. K. Bordia, S. J. L. Kang and E. A. Olevsky, "Current understanding and future research
directions at the onset of the next century of sitnering science and technology," Journal of
the American Ceramic Society, vol. 100, pp. 2314-2352, 2017.
[24] I. B. Cutler, "Sintering," in Rate Processes of Extractive Metallurgy, New York, Plenum
Press, 1979, pp. 329-340.
[25] R. P. Barnet and D. J. Fray, "Reaction of tantalum oxide with calcium chloride-calcium
oxide melts," Journal of Materials Science, vol. 48, pp. 2581-2589, 2013.
[26] Q. S. Song, Q. Xu, X. Kang, J. H. Du and J. P. Xi, "Mechanistic insight of electrochemical
reduciton of Ta2O5 to tantalum in a eutectic CaCl2-NaCl molten salt," Journal of Alloys
and Compounds, vol. 490, pp. 241-246, 2010.
[27] C. Schwandt and D. J. Fray, "Determination of the kinetic pathway in the electrochemical
reduction of titanium dioxide in molten calcium chloride," Electrochimica Acta, vol. 51,
pp. 66-76, 2005.
[28] G. C. Chen, D. J. Fray and T. W. Farthign, "Direct eletrochemical reduction of titanium
dioxide to titanium in molten calcium chloride," Nature, vol. 407, pp. 361-364, 2000.
[29] C. Schwandt, D. T. L. Alexander and D. J. Fray, "The electro-deoxidation of porous
titanium dioxide precursors in molten calcium chloride under cathodic potential control,"
Electrochimica Acta, vol. 54, pp. 3819-3829, 2009.

103
[30] D. T. L. Alexander, C. Schwandt and D. J. Fray, "The electro-deoxidation of dense
titanium dioxide precursors in molten calcium chloride giving a new reaction pathway,"
Electrochimica Acta, vol. 56, pp. 3286-3295, 2011.
[31] M. P. Chorney, B. P. Hurley, P. K. Tripathy and J. P. Downey, "Effects of oxide precursor
preparation parameters on the electrochemical reduction of tantalum pentoxide in calcium
chloride melt," TMS 2017 146th Annual Meeting & Exhibition Supplemental Proceedings,
vol. 146, pp. 651-655, 2017.
[32] K. T. Jacob and A. Rajput, "Phase relations in the system Ca-Ta-O and thermodynamics of
calcium tantalates in relation to calciothermic reduction of Ta2O5," Journal of Alloys and
Compounds, vol. 620, pp. 256-262, 2015.
[33] K. Mohomed, "Differential Scanning Calorimetry - TA Instruments," 2016. [Online].
Available: http://www.tainstruments.com/wp-content/uploads/CA-2016-DSC.pdf.
[Accessed 2018].
[34] R. S. Roth, J. L. Waring and H. S. Parker, "Tantalum Oxide - Tungsten Oxide Phase
Diagram," Journal of Solid State Chemistry, vol. 2, no. 3, p. 449, 1970.
[35] G. P. Mohanty, L. J. Fiegel and J. H. Healy, "Tantalum Oxide - Niobium Oxide Phase
Diagram," The Journal of Physical Chemistry, vol. 68, no. 1, p. 209, 1964.
[36] F. M. Spiridonov, M. N. Mulenkova, V. I. Tsirel'nikov and L. N. Komissarova, "Tantalum
Oxide - Hafnium Oxide Phase Diagram," Russion Journal of Inorganic Chemistry (English
Translation), vol. 26, no. 6, pp. 922-923, 1981.
[37] J. L. Waring and R. S. Roth, "Tantalum Oxide - Titanium Oxide Phase Diagram," Journal
of Research of the National Bureau of Standards, vol. 72A, no. 2, p. 177, 1968.

104
[38] "Rigaku HT 1500 High Temperature Attachment," Rigaku, 2018. [Online]. Available:
https://www.rigaku.com/en/products/XRD/ultima%20IV/accessory%201. [Accessed
2018].
[39] M. Baba, Y. Ono and R. O. Suzuki, "Tantalum and niobium powder preparation from their
oxides by calciothermic reduction in the molten CaCl2," Journal of Physics and Chemistry
of Solids, vol. 66, pp. 466-470, 2005.
[40] X. Y. Yan and D. J. Fray, "Electosynthesis of NbTi and Nb3Sn superconductors from
oxide precursors in CaCl2-based melts," Advanced Functional Materials, vol. 15, pp.
1757-1761, 2005.
[41] A. M. Abdelkader, K. T. Kilby, A. Cox and D. J. Fray, "DC voltammetry of electrodeoxidation of solid oxides," Chemical Reviews - American Chemical Society, vol. 113, pp.
2863-2886, 2013.
[42] G. A. Mabbott, "An introduction to cyclic voltammetry," Journal of Chemical Education,
vol. 60, no. 9, pp. 697-702, 1983.
[43] P. T. Kissinger and W. R. Heineman, "Cyclic voltammetry," Journal of Chemical
Education, vol. 60, no. 9, pp. 702-706, 1983.
[44] X. Li and A. R. Barron, "Introduction to cyclic voltammetry measuremetns," Connexions
Module, vol. m34669, pp. 1-11, 2010.
[45] P. Kar and J. W. Evans, "A shrinking core model for the electo-deoxidation of metal oxides
in molten halide salts," Electrochimica Acta, vol. 53, pp. 5260-5265, 2008.
[46] P. Kar and J. W. Evans, "A model for the electrochemical reduction of metal oxides in
molten salt electolytes," Electrochimica Acta, vol. 54, pp. 835-843, 2008.

105
[47] D. J. Fray, "Reduction of titanium dioxide and other metal oxides by electro-deoxidation,"
Proceedings of 3rd BMC, pp. 1-9, 2003.
[48] D. J. Fray, "Emerging molten salt technologies for metals production," Journal of the
Minerals, Metals, and Materials Society, vol. 53, no. 10, pp. 26-31, 2001.
[49] K. Jiang, X. Hu, M. Ma, D. Wang, G. Qiu, X. Jin and G. C. Chen, ""Perovskitization"assisted electrochemical reduction of solid TiO2 in molten CaCl2," Angewandte Chemie
Internation Edition, vol. 45, pp. 428-432, 2006.
[50] H. Chen, X. Jin, L. Yu and G. Z. Chen, "Influences of graphite anode area on electrolysis
of solid metal oxides in molten salts," Journal of Solid State Electrochemistry, vol. 18, pp.
3317-3325, 2014.
[51] Z. Awaludin, T. Okajima and T. Ohsaka, "Preparation of reduced tantalum pentoxide by
electrochemical technique for oxygen reduction reaction," Journal of Power Sources, vol.
268, pp. 728-732, 2014.
[52] V. V. Grinevitch, S. A. Kuznetsov, A. A. Arakcheeva, T. V. Olyunina, A. Schonleber and
M. Gaune-Escard, "Electrode and chemical reactions during electrodeposition of tantalum
products in CsCl melt," Electrochimica Acta, vol. 51, pp. 6563-6571, 2006.
[53] A. Espinola, A. J. B. Dutra and F. T. Silva, "Mechanism of the electrochemical reduction
of tantalum(V) in molten fluorides," Analytica Chimica Acta, vol. 251, pp. 53-58, 1991.
[54] C. K. Gupta and P. K. Jena, "Bomb reduction of tantalum pentoxide by calcium metal,"
Journal of the Less-Common Metals, vol. 8, pp. 90-98, 1965.
[55] M. Baba and R. O. Suzuki, "Dieletric properties of tantalum powder with broccoli-like
morphology," Journal of Alloys and Compounds, vol. 392, pp. 225-230, 2005.

106
[56] P. Kofstand, "Studies of the oxidation of tantalumat 1000 - 1300 deg C," Journal of the
Less-Common Metals, vol. 5, pp. 158-170, 1963.
[57] J. Stringer, "The oxidation of tantalum at high temperatures: Geometrical effects," Journal
of the Less-Commo Metals, vol. 16, pp. 55-64, 1968.
[58] Rigaku, "D/tex Ultra - Advanced and high performance X-ray detector," The Rigaku
Journal, vol. 24, no. 1, pp. 30-32, 2008.

107

10.

Appendix A: Equipment

Figure 58: Grinding jar used for milling refractory metal oxide powders (left); alumina grinding jar used
for milling refractory metal oxide powders (middle); rolling mill and grinding jar used for milling
refractory metal oxide powders (right).

Figure 59: Steel die used for pressing pellets - steel pucks were placed above and beneath the powder to
ensure a smooth pellet was formed (left); hydraulic press utilized for uniaxial pressing of refractory metal
oxide pellets (right).

108

Figure 60: MTI GSL – 1100 X series tube furnace that was used for the majority of sintering (left); MTI
GSL-1500X series tube furnace used for sintering the Ta2O5 – HfO2 pellets (right)

Figure 61: Rigaku Ultima IV X-ray diffractometer, with PTC EVO2 temperature controller (left); Rigaku
Ultima IV high temperature furnace accessory [38] (right).
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Figure 62: TESCAN MIRA3 scanning electron microscope.
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11.

Appendix B: Binary Refractory Oxide Pellet Preparation
Table XLIV: Tantalum Oxide (11 Mole Percent) and Tungsten Oxide (89 Mole Percent) Pellet Data
Pellet
Powder
Pressed
Thickness
Sintered
Thickness
No.
Weight (g)
Weight (g)
Pressed (mm)
Weight (g)
Sintered (mm)
1
1.6507
1.6293
2.60
1.5617
2.59
2
1.6440
1.6242
2.58
1.5575
2.65
3
1.6516
1.6306
2.63
1.5637
2.61
4
1.6491
1.6317
2.66
1.5636
2.62
5
1.6514
1.6366
2.66
1.5691
2.63
6
1.6491
1.6309
2.66
1.5627
2.61
7
1.6528
1.6314
2.69
1.5623
2.63
8
1.6521
1.6293
2.67
1.5607
2.64
9
1.6497
1.6285
2.65
1.5594
2.61
10
1.6468
1.6264
2.64
1.5584
2.59
11
1.6495
1.6268
2.62
1.5595
2.58
12
1.6523
1.6298
2.62
1.5618
2.61
13
1.6532
1.6312
2.61
1.5652
2.61
14
1.6526
1.6194
2.66
1.5522
2.60
15
1.6521
1.6328
2.64
1.5672
2.62
16
1.6503
1.6246
2.58
1.5574
2.59
17
1.6491
1.6285
2.63
1.5615
2.62
18
1.6468
1.6210
2.62
1.5535
2.60
19
1.6502
1.6115
2.64
1.5429
2.62
20
1.6482
1.6227
2.62
1.5559
2.62
21
1.6484
1.6273
2.65
1.5607
2.63
22
1.6508
1.6284
2.64
1.5625
2.61
23
1.2041
1.1611
1.88
1.1145
1.86
4400-4500 psi

Table XLV: Tantalum Oxide (30 Mole Percent) and Niobium Oxide (70 Mole Percent) Pellet Data
Pellet
Powder
Pressed
Thickness
Sintered
Thickness
No.
Weight (g)
Weight (g)
Pressed (mm)
Weight (g)
Sintered (mm)
1
1.6488
1.6244
3.71
1.5393
3.80
2
1.6559
1.6480
3.65
1.5626
3.79
3
1.6495
1.6429
3.70
1.5550
3.71
4
1.6530
1.6471
3.69
1.5609
3.78
5
1.6556
1.6470
3.65
1.5594
3.70
6
1.6542
1.6415
3.65
1.5545
3.82
7
1.6525
1.6455
3.69
1.5577
4.10
8
1.6521
1.6456
3.71
1.5588
3.89
9
1.6537
1.6477
3.76
1.5598
4.05
10
1.6572
1.6455
3.74
1.5605
3.96
11
1.6174
1.5799
3.55
1.4975
3.74
4200-4300 psi
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Table XLVI: Tantalum Oxide (11.6 Mole Percent) and Hafnium Oxide (88.4 Mole Percent) Pellet Data
Pellet
Powder
Pressed
Thickness
Sintered
Thickness
No.
Weight (g)
Weight (g)
Pressed (mm)
Weight (g)
Sintered (mm)
1
1.6515
1.6415
2.35
1.5937
2.34
2
1.6514
1.6430
2.33
1.6023
2.35
3
1.6516
1.6436
2.37
1.6011
2.34
4
1.6490
1.6400
2.34
1.5998
2.32
5
1.6478
1.6378
2.34
1.5955
2.33
6
1.6446
1.6300
2.31
1.5943
2.33
7
1.6498
1.6414
2.31
1.6017
2.29
8
1.6470
1.6387
2.33
1.6007
2.30
9
1.6430
1.6280
2.32
1.5799
2.26
10
1.6446
1.6381
2.33
1.5922
2.28
11
1.6500
1.6366
2.33
1.5955
2.29
12
1.7080
1.6983
2.45
1.6579
2.38
4600-4700 psi

Table XLVII: Tantalum Oxide (45 Mole Percent) and Hafnium Oxide (55 Mole Percent) Pellet Data
Pellet
Powder
Pressed
Thickness
Sintered
Thickness
No.
Weight (g)
Weight (g)
Pressed (mm)
Weight (g)
Sintered (mm)
1
1.6373
1.6203
3.07
1.5825
3.10
2
1.6473
1.6323
3.10
1.5956
3.13
3
1.6467
1.6267
3.07
1.5884
3.09
4
1.6309
1.6114
3.07
1.5685
3.09
5
1.6448
1.6213
3.07
1.5836
3.08
6
1.6492
1.6293
3.12
1.5894
3.13
7
1.6412
1.6228
3.07
1.5818
3.11
8
1.6422
1.6283
3.10
1.5881
3.11
9
1.6500
1.6360
3.11
1.5952
3.16
10
1.6346
1.6170
3.11
1.5782
3.13
11
1.6371
1.6171
3.10
1.5752
3.07
12
1.2463
1.2308
2.43
1.1991
2.44
4500-4800 psi

Table XLVIII: Tantalum Oxide (55 Mole Percent) and Hafnium Oxide (45 Mole Percent) Pellet Data
Pellet
Powder
Pressed
Thickness
Sintered
Thickness
No.
Weight (g)
Weight (g)
Pressed (mm)
Weight (g)
Sintered (mm)
1
1.6045
1.5988
2.91
1.5448
2.96
2
1.6041
1.5977
2.93
1.5449
2.95
3
1.6002
1.5930
2.92
1.5431
2.95
4
1.5998
1.5910
2.89
1.5431
2.97
5
1.6002
1.5933
2.91
1.5417
3.02
6
1.5967
1.5885
2.88
1.5391
2.93
7
1.6006
1.5934
2.91
1.5408
2.92
8
1.5971
1.5907
2.93
1.5396
2.92
9
1.6019
1.5958
2.94
1.5416
2.92
10
1.5966
1.5903
2.92
1.5338
2.92
11
1.5987
1.5930
2.93
1.5407
2.91
12
1.3656
1.3571
2.48
1.3131
2.50
4700-4800 psi
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Table XLIX: 11 Mole Percent Ta2O5 – 89 Mole Percent WO3 Furnace Parameters
400 °C Sinter
460 °C Sinter
725 °C Sinter
775 °C Sinter
0 °C
0 °C
0 °C
0 °C
C-01
t-01

80 min

95 min

80 min

90 min

C-02

400 °C

460 °C

725 °C

°C

t-02

240 min

240 min

240 min

240 min

C-03

400 °C

460 °C

725 °C

775 °C

t-03

25 min

35 min

95 min

95 min

C-04

300 °C

300 °C

300 °C

300 °C

t-04

-121

-121

-121

-121

Pellet No.

13 – 17

18 – 23

1–6

7 – 12

Note: Additional time as given for condition t-01, to allow for more time for the binder to
burn off of the pellets.
Table L: 30 Mole Percent Ta2O5 – 70 Mole Percent Nb2O5 Furnace Parameters
900 °C Sinter
950 °C Sinter
0 °C
0 °C
C-01
90 min
95 min
t-01
900 °C
950 °C
C-02
240 min
240 min
t-02
900 °C
950 °C
C-03
90
min
95 min
t-03
C-04
t-04
Pellet No.

400 °C
-121
1–5

400 °C
-121
6 – 11

Table LI: 11.6 Mole Percent Ta2O5 – 88.4 Mole Percent HfO2 Furnace Parameters
860 °C Sinter
1050 °C Sinter
C-01

0 °C

0 °C

t-01

120 min

150 min

C-02

860 °C

1050 °C

t-02

240 min

240 min

C-03

860 °C

1050 °C

t-03

115 min

150 min

C-04

300 °C

300 °C

t-04

-121

-121

Pellet No.

1–6

7 – 12
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Table LII: 45 Mole Percent Ta2O5 – 55 Mole Percent TiO2 Furnace Parameters
825 °C Sinter 1000 °C Sinter
C-01

0 °C

0 °C

t-01

95 min

145 min

C-02

825 °C

1000 °C

t-02

240 min

240 min

C-03

825 °C

1000 °C

t-03

90 min

145 min

C-04

300 °C

300 °C

t-04

-121

-121

Pellet No.

1–6

7 – 12

Table LIII: 55 Mole Percent Ta2O5 – 45 Mole Percent TiO2 Furnace Parameters
625 °C Sinter
900 °C Sinter
C-01

0 °C

0 °C

t-01

80 min

125 min

C-02

625 °C

900 °C

t-02

240 min

240 min

C-03

625 °C

900 °C

t-03

65 min

120 min

C-04

300 °C

300 °C

t-04

-121

-121

Pellet No.

1–6

7 – 12
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Pressed Pellets 1-6

725 °C Sintered Pellets 1-6

Pressed Pellets 7-12

775 °C Sintered Pellets 7-12

Pressed Pellets 13-17

400 °C Sintered Pellets 13-17

Pressed Pellets 18-23
460 °C Sintered Pellets 18-23
Figure 63: 11 mole percent Ta2O5 – 89 mole percent WO3 before and after sintering.

Pressed Pellets 1-6 to be Sintered at 900 °C
Pressed Pellets 7-12 to be Sintered at 950 °C
Figure 64: 30 mole percent Ta2O5 – 70 mole percent Nb2O5 before sintering.

115

Pressed Pellets 1-6

860 °C Sintered Pellets 1-6

Pressed Pellets 7-12
1050 °C Sintered Pellets 7-12
Figure 65: 11.6 mole percent Ta2O5 – 88.4 mole percent HfO2 before and after sintering.

Pressed Pellets 1-6

825 °C Sintered Pellets 1-6

Pressed Pellets 7-12
1000 °C Sintered Pellets 7-12
Figure 66: 45 mole percent Ta2O5 – 55 mole percent TiO2 before and after sintering.
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Pressed Pellets 1-6

625 °C Sintered Pellets 1-6

Pressed Pellets 7-12
900 °C Sintered Pellets 7-12
Figure 67: 55 mole percent Ta2O5 – 45 mole percent TiO2 before and after sintering.

11Ta-89W-400-15

11Ta-89W-460-20

11Ta-89W-725-2

11Ta-89W-775-9

30Ta-70Nb-900-4

30Ta-70Nb-950-9

11.6Ta-88.4Hf-860-4

11.6Ta-88.4Hf-1050-10

45Ta-55Ti-825-4

45Ta-55Ti-1000-11
55Ta-45Ti-625-5
Figure 68: Side view of refractory metal oxide pellets.

55Ta-45Ti-900-8
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Figure 69: Photos of 11 mole percent tantalum oxide – 89 mole percent tungsten oxide pellets
sintered at 725 °C and 775 °C.

Figure 70: Photos of 11 mole percent tantalum oxide – 89 mole percent tungsten oxide pellets
sintered at 400 °C and 460 °C.
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Figure 71: Photos of 30 mole percent tantalum oxide – 70 mole percent niobium oxide pellets
sintered at 900 °C and 950 °C.

Figure 72: Photos of 11.6 mole percent tantalum oxide – 88.4 mole percent hafnium oxide
pellets sintered at 860 °C and 1050 °C.
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Figure 73: Photos of 45 mole percent tantalum oxide – 55 mole percent titanium oxide pellets
sintered at 825 °C and 1000 °C.

Figure 74: Photos of 55 mole percent tantalum oxide – 45 mole percent titanium oxide pellets
sintered at 625 °C and 900 °C.
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12.

Appendix C: TGA/DTA Scans

Figure 75: TGA/DTA scan of an empty crucible to evaluate instrument drift.

Figure 76: TGA/DTA scan of tantalum oxide.
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Figure 77: TGA/DTA scan of tungsten oxide.

Figure 78: TGA/DTA scan of niobium oxide.

122

Figure 79: TGA/DTA scan of hafnium oxide.

Figure 80: TGA/DTA scan of titanium oxide.
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12.1. TGA/DTA Scans: Tantalum-Tungsten System

Figure 81: TGA/DTA normal heat flow scan of 50-50 mass percent Ta2O5 and WO3 (11.6690 mg).

Figure 82: TGA/DTA scan of a 50-50 mass percent Ta2O5 and WO3 powder sample (11.6690 mg).
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Figure 83: TGA/DTA normal heat flow scan of the 15:2 Ta2O5:WO3 (no. 1) mole ratio powder sample
(15.2860 mg).

Figure 84: TGA/DTA scan number one of the 15:2 Ta2O5:WO3 mole ratio powder sample (15.2860 mg).
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Figure 85: TGA/DTA normal heat flow scan of the 15:2 Ta2O5:WO3 (no. 2) mole ratio powder sample
(28.9760 mg).

Figure 86: TGA/DTA scan of a 20-80 mass percent Ta2O5 - WO3 powder sample (28.9760 mg).
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Figure 87: TGA/DTA normal heat flow scan of 20-80 mass percent Ta2O5 and WO3 (9.1490 mg).

Figure 88: TGA/DTA scan of a 20-80 mass percent Ta2O5 - WO3 powder sample (9.1490 mg).
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12.2. TGA/DTA Scans: Tantalum-Niobium System

Figure 89: TGA/DTA normal heat flow scan of 50-50 mass percent Ta2O5 and Nb2O5 (8.4840 mg).

Figure 90: TGA/DTA scan of a 50-50 mass percent Ta2O5 and Nb2O5 powder sample (8.4840 mg).
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Figure 91: TGA/DTA normal heat flow scan of 26 mole percent Ta2O5 and 74 mole percent Nb2O5
(10.9220 mg).

Figure 92: TGA/DTA scan of 26 mole percent Ta2O5 and 74 mole percent Nb2O5 (10.9220 mg).
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Figure 93: TGA/DTA normal heat flow scan of 21 mole percent Ta2O5 and 79 mole percent Nb2O5
(10.3570 mg).

Figure 94: TGA/DTA scan of 21 mole percent Ta2O5 and 79 mole percent Nb2O5 (10.3570 mg).
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Figure 95: TGA/DTA normal heat flow scan of 31 mole percent Ta2O5 and 69 mole percent Nb2O5
(13.7990 mg).

Figure 96: TGA/DTA scan of 31 mole percent Ta2O5 and 69 mole percent Nb2O5 (13.7990 mg).
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Figure 97: TGA/DTA normal heat flow scan of 79 mole percent Ta2O5 and 21 mole percent Nb2O5
(20.0820 mg).

Figure 98: TGA/DTA scan of 79 mole percent Ta2O5 and 21 mole percent Nb2O5 (20.0820 mg).
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Figure 99: TGA/DTA scan of 69 mole percent Ta2O5 and 31 mole percent Nb2O5 (15.6250 mg).

Figure 100: Overlay of the TGA/DTA scans from the Ta2O5 and Nb2O5 system.
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12.3. TGA/DTA Scans: Tantalum-Hafnium System

Figure 101: TGA/DTA normal heat flow scan of 50-50 mass percent Ta2O5 and HfO2 (5.3830 mg).

Figure 102: TGA/DTA scan of a 50-50 mass percent Ta2O5 and HfO2 powder sample (5.3830 mg).
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Figure 103: TGA/DTA normal heat flow scan 16.6 mole percent Ta2O5 and 83.4 mole percent HfO2
(14.2380 mg).

Figure 104: TGA/DTA scan 16.6 mole percent Ta2O5 and 83.4 mole percent HfO2 (14.2380 mg).
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Figure 105: TGA/DTA normal heat flow scan 11.6 mole percent Ta2O5 and 88.4 mole percent HfO2
(18.2830 mg).

Figure 106: TGA/DTA scan 11.6 mole percent Ta2O5 and 88.4 mole percent HfO2 (18.2830 mg).
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Figure 107: TGA/DTA normal heat flow scan 21.6 mole percent Ta2O5 and 78.4 mole percent HfO2
(13.1750 mg).

Figure 108: TGA/DTA scan 21.6 mole percent Ta2O5 and 78.4 mole percent HfO2 (13.1750 mg).
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Figure 109: Overlay of the TGA/DTA scans from the Ta2O5 and HfO2 system.

Figure 110: TGA/DTA scan 75.92 mole percent Ta2O5 and 24.08 mole percent HfO2 (9.7860 mg).
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12.4. TGA/DTA Scans: Tantalum-Titanium System

Figure 111: TGA/DTA normal heat flow scan of 50-50 mass percent Ta2O5 and TiO2 (6.2930 mg).

Figure 112: TGA/DTA scan of a 50-50 mass percent Ta2O5 and TiO2 (6.2930 mg).
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Figure 113: TGA/DTA normal heat flow scan 50 mole percent Ta2O5 and 50 mole percent TiO2
(12.1250 mg).

Figure 114: TGA/DTA scan 50 mole percent Ta2O5 and 50 mole percent TiO2 powder sample (12.1250 mg).
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Figure 115: TGA/DTA normal heat flow scan 45 mole percent Ta2O5 and 55 mole percent TiO2
(8.4440 mg).

Figure 116: TGA/DTA scan 45 mole percent Ta2O5 and 55 mole percent TiO2 (8.4440 mg).
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Figure 117: TGA/DTA normal heat flow scan 55 mole percent Ta2O5 and 45 mole percent TiO2 powder
sample (8.8860 mg).

Figure 118: TGA/DTA scan 55 mole percent Ta2O5 and 45 mole percent TiO2 (8.8860 mg).
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Figure 119: Overlay of the TGA/DTA scans from the Ta2O5 and TiO2 system.

12.5. TGA/DTA Scans: Sintering Temperature Selection

Figure 120: TGA/DTA scan of the 31 mole percent Ta2O5 and 69 mole percent Nb2O5 powder sample
(13.7990 mg) showing sintering temperatures.
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Figure 121: TGA/DTA scan of the 11.6 mole percent Ta2O5 and 88.4 mole percent HfO2 powder sample
(13.7990 mg) showing sintering temperatures.

Figure 122: TGA/DTA scan of the 45 mole percent Ta2O5 and 55 mole percent TiO2 powder sample
(8.4440 mg) showing sintering temperatures.
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Figure 123: TGA/DTA scan of the 55 mole percent Ta2O5 and 45 mole percent TiO2 powder sample
(8.8860 mg) showing sintering temperatures.
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13.

Appendix D: SEM/EDS Data

13.1. SEM Images of 11 Mole Percent Ta2O5 – 89 Mole Percent WO3

Figure 124: SEM images of 11 mole percent Ta2O5 – 89 mole percent WO3 sintered at 400 °C.
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Figure 125: SEM images of 11 mole percent Ta2O5 – 89 mole percent WO3 sintered at 400 °C.
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Figure 126: SEM images of 11 mole percent Ta2O5 – 89 mole percent WO3 sintered at 460 °C.
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Figure 127: SEM images of 11 mole percent Ta2O5 – 89 mole percent WO3 sintered at 460 °C.
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Figure 128: SEM images of 11 mole percent Ta2O5 – 89 mole percent WO3 sintered at 725 °C.

150

Figure 129: SEM images of 11 mole percent Ta2O5 – 89 mole percent WO3 sintered at 725 °C.
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Figure 130: SEM images of 11 mole percent Ta2O5 – 89 mole percent WO3 sintered at 775 °C.
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Figure 131: SEM images of 11 mole percent Ta2O5 – 89 mole percent WO3 sintered at 775 °C.
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Figure 132: SEM image of 11 mole percent Ta2O5 – 89 mole percent WO3 sintered at 775 °C.
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13.2. EDS Reports of 11 Mole Percent Ta2O5 – 89 Mole Percent WO3

Figure 133: EDS report of pellet 11T89W-400-16 analysis Area 1 Spot 1.
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Figure 134: EDS report of pellet 11T89W-400-16 analysis Area 1 Spot 4.
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Figure 135: EDS report of pellet 11T89W-400-16 analysis Area 2 Spot 1.
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Figure 136: EDS report of pellet 11T89W-400-16 analysis Area 2 Spot 4.
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Figure 137: EDS report of pellet 11T89W-400-16 analysis Area 3 Spot 2.
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Figure 138: EDS report of pellet 11T89W-460-20 analysis Area 1 Spot 1.
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Figure 139: EDS report of pellet 11T89W-460-20 analysis Area 1 Spot 2.
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Figure 140: EDS report of pellet 11T89W-460-20 analysis Area 2 Spot 1.
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Figure 141: EDS report of pellet 11T89W-460-20 analysis Area 2 Spot 3.
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Figure 142: EDS report of pellet 11T89W-460-20 analysis Area 3 Spot 1.
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Figure 143: EDS report of pellet 11T89W-725-2 analysis Area 1 Spot 3.
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Figure 144: EDS report of pellet 11T89W-725-2 analysis Area 1 Spot 4.
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Figure 145: EDS report of pellet 11T89W-725-2 analysis Area 2 Spot 2.
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Figure 146: EDS report of pellet 11T89W-725-2 analysis Area 2 Spot 3.
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Figure 147: EDS report of pellet 11T89W-725-2 analysis Area 3 Spot 1.
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Figure 148: EDS report of pellet 11T89W-775-10 analysis Area 1 Spot 2.
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Figure 149: EDS report of pellet 11T89W-775-10 analysis Area 1 Spot 3.
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Figure 150: EDS report of pellet 11T89W-775-10 analysis Area 1 Spot 4.
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Figure 151: EDS report of pellet 11T89W-775-10 analysis Area 2 Spot 2.
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Figure 152: EDS report of pellet 11T89W-775-10 analysis Area 3 Spot 3.
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13.3. SEM Images of 30 Mole Percent Ta2O5 – 70 Mole Percent Nb2O5

Figure 153: SEM images of 30 mole percent Ta2O5 – 70 mole percent Nb2O5 sintered at
900 °C (top) and 950 °C (bottom).

175

Figure 154: SEM images of 30 mole percent Ta2O5 – 70 mole percent Nb2O5 sintered at 950 °C.
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13.4. EDS Reports of 30 Mole Percent Ta2O5 – 70 Mole Percent Nb2O5

Figure 155: EDS report of pellet 30T70N-900-5 analysis Area 1 Spot 1.
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Figure 156: EDS report of pellet 30T70N-900-5 analysis Area 1 Spot 3.
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Figure 157: EDS report of pellet 30T70N-900-5 analysis Area 2 Spot 5.
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Figure 158: EDS report of pellet 30T70N-900-5 analysis Area 2 Spot 6.
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Figure 159: EDS report of pellet 30T70N-950-6 analysis Area 1 Spot 1.
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Figure 160: EDS report of pellet 30T70N-950-6 analysis Area 1 Spot 2.
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Figure 161: EDS report of pellet 30T70N-950-6 analysis Area 3 Spot 1.
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Figure 162: EDS report of pellet 30T70N-950-6 analysis Area 3 Spot 3.

184

13.5. SEM Images of 11.6 Mole Percent Ta2O5 – 88.4 Mole Percent HfO2

Figure 163: SEM images of 11.6 mole percent Ta2O5 – 88.4 mole percent HfO2 sintered at 860 °C.
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Figure 164: SEM images of 11.6 mole percent Ta2O5 – 88.4 mole percent HfO2 sintered at 860 °C.
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Figure 165: SEM images of 11.6 mole percent Ta2O5 – 88.4 mole percent HfO2 sintered at 1050 °C.
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Figure 166: SEM image of 11.6 mole percent Ta2O5 – 88.4 mole percent HfO2 sintered at 1050 °C.
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13.6. EDS Reports of 11.6 Mole Percent Ta2O5 – 88.4 Mole Percent HfO2

Figure 167: EDS report of pellet 11.6T88.4H-860-5 analysis Area 4 Spot 1.
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Figure 168: EDS report of pellet 11.6T88.4H-860-5 analysis Area 4 Spot 2.
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Figure 169: EDS report of pellet 11.6T88.4H-860-5 analysis Area 4 Spot 3.
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Figure 170: EDS report of pellet 11.6T88.4H-860-5 analysis Area 5 Spot 1.
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Figure 171: EDS report of pellet 11.6T88.4H-860-5 analysis Area 5 Spot 2.
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Figure 172: EDS report of pellet 11.6T88.4H-1050-11 analysis Area 1 Spot 1.
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Figure 173: EDS report of pellet 11.6T88.4H-1050-11 analysis Area 1 Spot 3.
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Figure 174: EDS report of pellet 11.6T88.4H-1050-11 analysis Area 1 Spot 4.
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Figure 175: EDS report of pellet 11.6T88.4H-1050-11 analysis Area 2 Spot 2.
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Figure 176: EDS report of pellet 11.6T88.4H-1050-11 analysis Area 2 Spot 4.
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13.7. SEM Images of 45 Mole Percent Ta2O5 – 55 Mole Percent TiO2

Figure 177: SEM images of 45 mole percent Ta2O5 – 55 mole percent TiO2 sintered at 825 °C.
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Figure 178: SEM images of 45 mole percent Ta2O5 – 55 mole percent TiO2 sintered at
825 °C (top) and 1000 °C (bottom).
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Figure 179: SEM images of 45 mole percent Ta2O5 – 55 mole percent TiO2 sintered at 1000 °C.
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13.8. EDS Reports of 45 Mole Percent Ta2O5 – 55 Mole Percent TiO2

Figure 180: EDS report of pellet 45T55Ti-825-3 analysis Area 1 Spot 1.
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Figure 181: EDS report of pellet 45T55Ti-825-3 analysis Area 1 Spot 3.
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Figure 182: EDS report of pellet 45T55Ti-825-3 analysis Area 1 Spot 4.
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Figure 183: EDS report of pellet 45T55Ti-825-3 analysis Area 2 Spot 1.
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Figure 184: EDS report of pellet 45T55Ti-1000-9 analysis Area 1 Spot 3.
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Figure 185: EDS report of pellet 45T55Ti-1000-9 analysis Area 1 Spot 4.
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Figure 186: EDS report of pellet 45T55Ti-1000-9 analysis Area 2 Spot 1.
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Figure 187: EDS report of pellet 45T55Ti-1000-9 analysis Area 2 Spot 3.
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Figure 188: EDS report of pellet 45T55Ti-1000-9 analysis Area 3 Spot 1.
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13.9. SEM Images of 55 Mole Percent Ta2O5 – 45 Mole Percent TiO2

Figure 189: SEM images of 55 mole percent Ta2O5 – 45 mole percent TiO2 sintered at 625 °C.
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Figure 190: SEM images of 55 mole percent Ta2O5 – 45 mole percent TiO2 sintered at 625 °C.
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Figure 191: SEM images of 55 mole percent Ta2O5 – 45 mole percent TiO2 sintered at 900 °C.
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Figure 192: SEM images of 55 mole percent Ta2O5 – 45 mole percent TiO2 sintered at 900 °C.
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13.10.

EDS Reports of 55 Mole Percent Ta2O5 – 45 Mole Percent TiO2

Figure 193: EDS report of pellet 55T45Ti-625-3 analysis Area 1 Spot 1.
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Figure 194: EDS report of pellet 55T45Ti-625-3 analysis Area 1 Spot 4.
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Figure 195: EDS report of pellet 55T45Ti-625-3 analysis Area 3 Spot 1.
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Figure 196: EDS report of pellet 55T45Ti-625-3 analysis Area 3 Spot 2.

218

Figure 197: EDS report of pellet 55T45Ti-625-3 analysis Area 4 Spot 2.
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Figure 198: EDS report of pellet 55T45Ti-900-8 analysis Area 1 Spot 1.
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Figure 199: EDS report of pellet 55T45Ti-900-8 analysis Area 1 Spot 2.
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Figure 200: EDS report of pellet 55T45Ti-900-8 analysis Area 2 Spot 2.

222

Figure 201: EDS report of pellet 55T45Ti-900-8 analysis Area 3 Spot 3.
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14.

Appendix E: XRD Reports (Sintered)

Figure 202: XRD quantitative analysis results for pellet 11Ta-89W-400-13.
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Figure 203: XRD quantitative analysis results for pellet 11Ta-89W-460-21.
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Figure 204: XRD quantitative analysis results for pellet 11Ta-89W-725-5.
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Figure 205: XRD quantitative analysis results for pellet 11Ta-89W-775-9.
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Figure 206: XRD quantitative analysis results for pellet 30Ta-70Nb-900-3 (Nb4Ta2O15 RIR = 8.20).
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Figure 207: XRD quantitative analysis results for pellet 30Ta-70Nb-900-3 (Nb4Ta2O15 RIR = 5.50).
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Figure 208: XRD quantitative analysis results for pellet 30Ta-70Nb-900-3 (Nb4Ta2O15 RIR = 2.80).
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Figure 209: XRD quantitative analysis results for pellet 30Ta-70Nb-950-9 (Nb4Ta2O15 RIR = 8.20).
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Figure 210: XRD quantitative analysis results for pellet 30Ta-70Nb-950-3 (Nb4Ta2O15 RIR = 5.50).
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Figure 211: XRD quantitative analysis results for pellet 30Ta-70Nb-950-9 (Nb4Ta2O15 RIR = 2.80).
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Figure 212: XRD quantitative analysis results for pellet 11.6Ta-88.4Hf-860-3 (Hf6Ta2O17 RIR = 8.20).
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Figure 213: XRD quantitative analysis results for pellet 11.6Ta-88.4Hf-860-3 (Hf6Ta2O17 RIR = 8.10).
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Figure 214: XRD quantitative analysis results for pellet 11.6Ta-88.4Hf-860-3 (Hf6Ta2O17 RIR = 8.00).
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Figure 215: XRD quantitative analysis results for pellet 11.6Ta-88.4Hf-1050-7 (Hf6Ta2O17 RIR = 8.20).
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Figure 216: XRD quantitative analysis results for pellet 11.6Ta-88.4Hf-1050-7 (Hf6Ta2O17 RIR = 8.10).
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Figure 217: XRD quantitative analysis results for pellet 11.6Ta-88.4Hf-1050-7 (Hf6Ta2O17 RIR = 8.00).
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Figure 218: XRD quantitative analysis results for pellet 45Ta-55Ti-825-4.
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Figure 219: XRD quantitative analysis results for pellet 45Ta-55Ti-1000-11.
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Figure 220: XRD quantitative analysis results for pellet 55Ta-45Ti-625-5.
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Figure 221: XRD quantitative analysis results for pellet 55Ta-45Ti-900-10.
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15.

Appendix F: High Temperature XRD Reports

15.1. 11 Mole Percent Ta2O5 – 89 Mole Percent WO3

Figure 222: High temperature XRD quantitative analysis results for 11 mole percent tantalum oxide and
89 mole percent tungsten oxide; diffractogram collected at 25 °C.
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Figure 223: High temperature XRD quantitative analysis results for 11 mole percent tantalum oxide and
89 mole percent tungsten oxide; diffractogram collected at 400 °C.
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Figure 224: High temperature XRD quantitative analysis results for 11 mole percent tantalum oxide and
89 mole percent tungsten oxide; diffractogram collected at 432 °C.
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Figure 225: High temperature XRD quantitative analysis results for 11 mole percent tantalum oxide and
89 mole percent tungsten oxide; diffractogram collected at 460 °C.
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Figure 226: High temperature XRD quantitative analysis results for 11 mole percent tantalum oxide and
89 mole percent tungsten oxide; diffractogram collected at 725 °C.
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Figure 227: High temperature XRD quantitative analysis results for 11 mole percent tantalum oxide and
89 mole percent tungsten oxide; diffractogram collected at 750 °C.
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Figure 228: High temperature XRD quantitative analysis results for 11 mole percent tantalum oxide and
89 mole percent tungsten oxide; diffractogram collected at 775 °C.
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15.2. 30 Mole Percent Ta2O5 – 70 Mole Percent Nb2O5

Figure 229: High temperature XRD quantitative analysis results for 30 mole percent tantalum oxide and
70 mole percent niobium oxide; diffractogram collected at 25 °C.

251

Figure 230: High temperature XRD quantitative analysis results for 30 mole percent tantalum oxide and
70 mole percent niobium oxide (Nb4Ta2O15 RIR = 8.20); diffractogram collected at 890 °C
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Figure 231: High temperature XRD quantitative analysis results for 30 mole percent tantalum oxide and
70 mole percent niobium oxide (Nb4Ta2O15 RIR = 5.50); diffractogram collected at 890 °C
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Figure 232: High temperature XRD quantitative analysis results for 30 mole percent tantalum oxide and
70 mole percent niobium oxide (Nb4Ta2O15 RIR = 2.80); diffractogram collected at 890 °C
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Figure 233: High temperature XRD quantitative analysis results for 30 mole percent tantalum oxide and
70 mole percent niobium oxide (Nb4Ta2O15 RIR = 8.20); diffractogram collected at 925 °C
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Figure 234: High temperature XRD quantitative analysis results for 30 mole percent tantalum oxide and
70 mole percent niobium oxide (Nb4Ta2O15 RIR = 5.50); diffractogram collected at 925 °C
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Figure 235: High temperature XRD quantitative analysis results for 30 mole percent tantalum oxide and
70 mole percent niobium oxide (Nb4Ta2O15 RIR = 2.80); diffractogram collected at 925 °C
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Figure 236: High temperature XRD quantitative analysis results for 30 mole percent tantalum oxide and
70 mole percent niobium oxide (Nb4Ta2O15 RIR = 8.20); diffractogram collected at 950 °C
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Figure 237: High temperature XRD quantitative analysis results for 30 mole percent tantalum oxide and
70 mole percent niobium oxide (Nb4Ta2O15 RIR = 5.50); diffractogram collected at 950 °C
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Figure 238: High temperature XRD quantitative analysis results for 30 mole percent tantalum oxide and
70 mole percent niobium oxide (Nb4Ta2O15 RIR = 2.80); diffractogram collected at 950 °C
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15.3. 11.6 Mole Percent Ta2O5 – 88.4 Mole Percent HfO2

Figure 239: High temperature XRD quantitative analysis results for 11.6 mole percent tantalum oxide and
88.4 mole percent hafnium oxide; diffractogram collected at 25 °C.
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Figure 240: High temperature XRD quantitative analysis results for 11.6 mole percent tantalum oxide and
88.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.20); diffractogram collected at 865 °C.

262

Figure 241: High temperature XRD quantitative analysis results for 11.6 mole percent tantalum oxide and
88.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.10); diffractogram collected at 865 °C.
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Figure 242: High temperature XRD quantitative analysis results for 11.6 mole percent tantalum oxide and
88.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.00); diffractogram collected at 865 °C.
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Figure 243: High temperature XRD quantitative analysis results for 11.6 mole percent tantalum oxide and
88.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.20); diffractogram collected at 905 °C.
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Figure 244: High temperature XRD quantitative analysis results for 11.6 mole percent tantalum oxide and
88.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.10); diffractogram collected at 905 °C.
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Figure 245: High temperature XRD quantitative analysis results for 11.6 mole percent tantalum oxide and
88.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.00); diffractogram collected at 905 °C.
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Figure 246: High temperature XRD quantitative analysis results for 11.6 mole percent tantalum oxide and
88.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.20); diffractogram collected at 1000 °C.

268

Figure 247: High temperature XRD quantitative analysis results for 11.6 mole percent tantalum oxide and
88.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.10); diffractogram collected at 1000 °C.
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Figure 248: High temperature XRD quantitative analysis results for 11.6 mole percent tantalum oxide and
88.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.00); diffractogram collected at 1000 °C.
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Figure 249: High temperature XRD quantitative analysis results for 11.6 mole percent tantalum oxide and
88.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.20); diffractogram collected at 1022 °C.
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Figure 250: High temperature XRD quantitative analysis results for 11.6 mole percent tantalum oxide and
88.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.10); diffractogram collected at 1022 °C.
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Figure 251: High temperature XRD quantitative analysis results for 11.6 mole percent tantalum oxide and
88.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.00); diffractogram collected at 1022 °C.
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Figure 252: High temperature XRD quantitative analysis results for 11.6 mole percent tantalum oxide and
88.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.20); diffractogram collected at 1050 °C.
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Figure 253: High temperature XRD quantitative analysis results for 11.6 mole percent tantalum oxide and
88.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.10); diffractogram collected at 1050 °C.
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Figure 254: High temperature XRD quantitative analysis results for 11.6 mole percent tantalum oxide and
88.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.00); diffractogram collected at 1050 °C.
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15.4. 21.6 Mole Percent Ta2O5 – 78.4 Mole Percent HfO2

Figure 255: High temperature XRD quantitative analysis results for 21.6 mole percent tantalum oxide and
78.4 mole percent hafnium oxide; diffractogram collected at 25 °C.
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Figure 256: High temperature XRD quantitative analysis results for 21.6 mole percent tantalum oxide and
78.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.20); diffractogram collected at 890 °C.
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Figure 257: High temperature XRD quantitative analysis results for 21.6 mole percent tantalum oxide and
78.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.10); diffractogram collected at 890 °C.

279

Figure 258: High temperature XRD quantitative analysis results for 21.6 mole percent tantalum oxide and
78.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.00); diffractogram collected at 890 °C.
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Figure 259: High temperature XRD quantitative analysis results for 21.6 mole percent tantalum oxide and
78.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.20); diffractogram collected at 930 °C.
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Figure 260: High temperature XRD quantitative analysis results for 21.6 mole percent tantalum oxide and
78.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.10); diffractogram collected at 930 °C.
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Figure 261: High temperature XRD quantitative analysis results for 21.6 mole percent tantalum oxide and
78.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.00); diffractogram collected at 930 °C.
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Figure 262: High temperature XRD quantitative analysis results for 21.6 mole percent tantalum oxide and
78.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.20); diffractogram collected at 1000 °C.
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Figure 263: High temperature XRD quantitative analysis results for 21.6 mole percent tantalum oxide and
78.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.10); diffractogram collected at 1000 °C.
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Figure 264: High temperature XRD quantitative analysis results for 21.6 mole percent tantalum oxide and
78.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.00); diffractogram collected at 1000 °C.
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Figure 265: High temperature XRD quantitative analysis results for 21.6 mole percent tantalum oxide and
78.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.20); diffractogram collected at 1025 °C.
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Figure 266: High temperature XRD quantitative analysis results for 21.6 mole percent tantalum oxide and
78.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.10); diffractogram collected at 1025 °C.
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Figure 267: High temperature XRD quantitative analysis results for 21.6 mole percent tantalum oxide and
78.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.00); diffractogram collected at 1025 °C.
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Figure 268: High temperature XRD quantitative analysis results for 21.6 mole percent tantalum oxide and
78.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.20); diffractogram collected at 1070 °C.
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Figure 269: High temperature XRD quantitative analysis results for 21.6 mole percent tantalum oxide and
78.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.10); diffractogram collected at 1070 °C.
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Figure 270: High temperature XRD quantitative analysis results for 21.6 mole percent tantalum oxide and
78.4 mole percent hafnium oxide (Hf6Ta2O17 RIR = 8.00); diffractogram collected at 1070 °C.

292

15.5. 45 Mole Percent Ta2O5 – 55 Mole Percent TiO2

Figure 271: High temperature XRD quantitative analysis results for 45 mole percent tantalum oxide and
55 mole percent titanium oxide; diffractogram collected at 30 °C.
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Figure 272: High temperature XRD quantitative analysis results for 45 mole percent tantalum oxide and
55 mole percent titanium oxide; diffractogram collected at 825 °C.
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Figure 273: High temperature XRD quantitative analysis results for 45 mole percent tantalum oxide and
55 mole percent titanium oxide; diffractogram collected at 930 °C.
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Figure 274: High temperature XRD quantitative analysis results for 45 mole percent tantalum oxide and
55 mole percent titanium oxide; diffractogram collected at 960 °C.
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Figure 275: High temperature XRD quantitative analysis results for 45 mole percent tantalum oxide and
55 mole percent titanium oxide; diffractogram collected at 1000 °C.
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15.6. 55 Mole Percent Ta2O5 – 45 Mole Percent TiO2

Figure 276: High temperature XRD quantitative analysis results for 55 mole percent tantalum oxide and
45 mole percent titanium oxide; diffractogram collected at 25 °C.
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Figure 277: High temperature XRD quantitative analysis results for 55 mole percent tantalum oxide and
45 mole percent titanium oxide; diffractogram collected at 625 °C.
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Figure 278: High temperature XRD quantitative analysis results for 55 mole percent tantalum oxide and
45 mole percent titanium oxide; diffractogram collected at 775 °C.
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Figure 279: High temperature XRD quantitative analysis results for 55 mole percent tantalum oxide and
45 mole percent titanium oxide; diffractogram collected at 900 °C.
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Figure 280: High temperature XRD quantitative analysis results for 55 mole percent tantalum oxide and
45 mole percent titanium oxide; diffractogram collected at 928 °C.
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Figure 281: High temperature XRD quantitative analysis results for 55 mole percent tantalum oxide and
45 mole percent titanium oxide; diffractogram collected at 983 °C.
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Figure 282: High temperature XRD quantitative analysis results for 55 mole percent tantalum oxide and
45 mole percent titanium oxide; diffractogram collected at 1000 °C.

